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Highly degraded biological samples are commonly encountered in missing persons cases, 
historical human remains, war graves, mass disasters and various forensic casework. As 
biological tissue degrades, DNA becomes progressively fragmented and chemical 
modifications can occur, complicating successful standard short tandem repeat typing. 
Alternative genotyping strategies such as single nucleotide polymorphism typing and the 
emergence of massively parallel sequencing to examine ancestry and phenotype SNPs have 
ushered in a new era of forensic intelligence testing for problematic samples. Despite 
showing promise, a number of technical concerns still exist for the use of these strategies in 
forensic investigation.  
 
The research presented in this thesis explores, develops and assesses alternative techniques 
using both traditional and new technologies for the retrieval of forensic intelligence data from 
highly degraded samples. I develop new techniques for the screening and genotyping of 
highly degraded DNA and generate a new dataset of ancestry data from an Australian 
population for use in analysing historical samples. Issues relating to the implementation of 
these technologies are discussed, including laboratory workflow, data analysis and 
interpretation, ethics, and the need for standard guidelines for forensic laboratories to adopt in 
their methodology.  
 
Specifically, in this thesis I use: 
 
• A SNP typing strategy based on conventional techniques and equipment to develop a 
screening tool that estimates sample degradation and presumptive broad biological 
profile for the triage of forensic samples – Chapter 2 
• Emerging target enrichment and massively parallel sequencing technologies for the 
generation of ancestry and phenotype data for forensic investigation – Chapter 3 
• Techniques developed and assessed in Chapter 2 and 3 to analyse a set of degraded 
DNA and forensic casework samples, demonstrating the utility of the methods to 
genotype and provide forensic intelligence data for challenging samples – Chapter 4 
• mtDNA and autosomal SNP analysis to construct the first Australian reference 
population database for ancestry testing of historical human remains – Chapter 5 
 
 ii 
In essence, my research aimed to explore techniques to improve the genetic assessment of 
highly degraded and compromised forensic samples, and to build on current knowledge 
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Forensic human identification is the individualisation of human remains by attribution of a 
legal name and is required for confirming the identity of victims of crime and armed conflicts, 
missing persons, disaster victims, and for the settlement of estates. Identification of human 
remains is therefore important for both legal and social reasons. Incidents such as homicide 
(437,000 people globally in 2014), missing persons (38,000 Australians annually with 2000 
long term - missing for >3 months), and natural disasters (e.g. 230,000 victims of the Boxing 
Day tsunami) all result in a large number of human remains (Akkoc 2014; United Nations 
Office of Drugs and Crime 2014; Bricknell 2017; Ward 2018). In such circumstances, forensic 
practitioners are tasked with the responsibility of assigning a legal identity to the remains.  
 
1.1 Conventional Methods for Human Identification 
 
There are a number of conventional approaches (both physical and genetic) that can be used to 
identify an individual. The use of physical evidence for identification (e.g. fingerprints, 
dentition) is not always successful or even plausible for remains that are highly fragmentary or 
decomposed. In some cases, identifying physical features are no longer intact due to advanced 
decomposition or trauma resulting from incineration or high impact events. For these 
situations, DNA evidence can be the only remaining source of establishing human identity. 
1.1.1 Non-DNA Based Identification  
Conventional human identification methods not based on genetic analysis include visual 
identification by someone known to the deceased, as well as the comparison of physical 
features such as fingerprints, medical implants, dentition and tattoos to ante-mortem records. 
These forms of human identification show high success on human remains that possess the 
characteristics required for analysis (for example, a skull with retained teeth for dental 
comparison) (Wright et al. 2015). 
 
An example of an international relief effort where non-DNA based evidence was successful 
can be seen in the 2004 tsunami disaster off the coast of Thailand where over 5000 people from 
44 countries were killed (Akkoc 2014). Hundreds of international forensic odontologists, 
pathologists, biologists, anthropologists and fingerprint examiners participated in a scientific 
and humane endeavour to determine the identity of the victims through the use of primary 
forensic evidence (odontology, fingerprints, physical features and DNA). Odontology and 
fingerprint evidence were initially the preferred methods for identifying victims due to the 
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costs, logistics and time constraints of DNA analysis. By 2008, odontology had contributed to 
40% of positive identifications by comparing post-mortem dental evidence to ante-mortem 
dental records (Wright et al. 2015). Fingerprint evidence accounted for 35%, whereas DNA 
and physical evidence resulted in 24 and one percent of positive identifications respectively 
(Wright et al. 2015). DNA-based identification resulted in a low number of positive 
identifications during the early to midstages of the repatriation process, however grew in 
success in the later stages for remains which proved to be problematic for analysing dental, 
fingerprint and physical evidence (Wright et al. 2015). This demonstrates that for such 
situations, DNA-based identification becomes a more viable option when other primary 
identification methods are exhausted or not possible due to a lack of diagnostic features. 
1.1.2 Conventional DNA-based Identification: Short Tandem Repeats 
The majority of the nuclear genome is almost identical in all people, with only 0.3% of its 
sequence differing between individuals (Butler 2005). The key aspect of DNA profiling for 
forensic identification is to target and analyse the genetic variations that exist from person to 
person. Forensic biologists primarily rely on the typing of Short Tandem Repeat (STR) regions 
owing to their high mutation rates and variability between individuals (Brinkmann et al. 1998; 
Amorim & Pereira 2005). The combination of these multi-allelic loci (multiplexing) results in 
a highly discriminatory technique that can be used to differentiate individuals from each other. 
STRs targeted in forensic identification are either autosomal STRs (Mattayat et al. 2016) for 
individualisation, on the Y chromosome (Y-STRs) that can infer biological sex and 
characterise the paternal lineage of a male donor (Gopinath et al. 2016), or - although less 
routine - are X-linked STRs that are useful for kinship testing (Barbaro et al. 2006; Israr et al. 
2014). 
 
STR typing via polymerase chain reaction (PCR) is currently the preferred method for DNA-
based human identification (Butler 2011; Zietkiewicz et al. 2012). STR profiles generated from 
samples of unknown origin are compared directly against a curated reference database that 
includes STR profiles from convicted criminals, crime scene samples, persons of interests, or 
family members of a deceased/missing individual. The significance of a match is then given a 
level of statistical power by assessing the profile within a population database that estimates 
allele frequencies in a representative population (Taylor et al. 2017). The development of 
commercial STR kits (Wang et al. 2012; Applied Biosystems 2016) has resulted in global 
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standardisation and validation of these technologies and as such, the majority of forensic DNA 
databases worldwide are STR based (Alonso et al. 2005).  
 
1.2 The Influence of DNA Quality and Quantity on DNA Typing Success 
 
The DNA available for biological profiling of forensic samples is not always of sufficient 
quality and quantity for successful analysis due to degradation and the nature of the DNA 
molecules. Biological decomposition of tissues is influenced by two primary factors: 
environmental conditions and post-mortem interval (Burger et al. 1999). The manner in which 
an individual died can also influence the survival of tissues and the DNA within them (Schwark 
et al. 2011). PCR is currently the method of choice for in vitro amplification of DNA molecules 
but can fail to produce usable profiles when the DNA sample is not of adequate quality and 
quantity (Alaeddini et al. 2010).  
 
Frequently, forensic samples have been exposed to harsh environmental conditions which 
affects DNA preservation and can lead to the accumulation of inhibitory substances, impacting 
genetic profiling. DNA repair mechanisms that maintain genome integrity in living cells no 
longer function after cell death (Lindahl 1993; Dabney et al. 2013). The degree of DNA 
degradation depends largely on the biological source and deposition environment and 
accumulates over time. Factors such as temperature, pH and humidity influence the rate and 
intensity of degradative processes (Fondevila et al. 2008a; Dabney et al. 2013). Warm and wet 
conditions promote microbial infestation and reactive oxygen species that alter DNA bases 
(Levy-Booth et al. 2007; Alaeddini et al. 2010). The chemical processes which fragment DNA 
sequences and breakdown the sugar-phosphate backbone are also accelerated by heat and 
humidity (Dabney et al. 2013). Increased UV radiation in regions of intense heat and sun 
exposure can also damage the DNA in remains that are unburied and unprotected from the 
elements. Photochemical exposure can induce the formation of covalent linkages between 
adjacent C or T bases along the DNA strand, resulting in pyrimidine dimers that can cause 
DNA polymerases to stall during PCR replication (Goodsell 2001). Immersion in water, fire, 
or burial in soil are also elements which can affect biological decomposition (Crainic et al. 
2002; Higgins et al. 2015; Bogas et al. 2016). The presence of PCR inhibitors from the 
environment (e.g. humic substances from soil) can accumulate during decomposition and will 
also interfere with DNA typing success (Tsai & Olson 1992; Matheson et al. 2010).  
 
 5 
Rather than a single insult, the composition and degradation of biological tissues and the DNA 
within them is a multi-factorial process resulting in challenging samples for genetic profiling. 
Whilst the mechanisms and degree of DNA damage and degradation stochastically differ 
between samples, the effect is the same: fragmentation of DNA sequences into shorter and 
shorter segments, and compromised DNA structure. This makes amplification of target 
sequences difficult, and often results in partial profiles or complete failure of genetic profiling. 
Different methods of DNA identification have different degrees of tolerance for sample quality 
and DNA quantity, and careful decisions must be made to better manage resources when 
analysing degraded material in order to maximise recovery of DNA whilst avoiding loss of 
sample. 
 
While STR typing of nuclear DNA is well established in forensic identification, it provides 
little investigative value when there are no matches to a reference sample or database. 
Secondly, it has limited success with highly degraded remains (Mulero et al. 2008; Bogas et 
al. 2015). Typically, amplification of STR loci targets DNA sequences between 100bp-500bp 
(Butler 2007), and requires at least ~80 intact cells to obtain the optimal amount of DNA for 
successful typing (Kline et al. 2005). The process of post-mortem DNA damage causes DNA 
to fragment into sequences typically shorter than the amplicons in STR typing kits, and thus 
can interfere with PCR amplification success. Chemical modifications to the molecular 
structure of DNA also results in blocking lesions that cannot be bypassed by DNA 
polymerases, leading to amplification failure (Lindahl 1993; Goodsell 2001; Sikorsky et al. 
2007; Nelson 2009; Shafirovich & Geacintov 2010; Dabney et al. 2013). Analysis of 
degraded DNA often produces partial profiles where the larger loci fail to amplify, termed the 
‘ski-slope effect’ (Opel et al. 2006), or in extreme cases, can completely fail depending on 
the extent of DNA damage and thus impede investigations of identity. The endogenous DNA 
(authentic DNA from the individual) in forensic samples can vary from high to low quality 
and quantity. These variations are important factors in the success of DNA identification and 
need to be considered to determine which techniques are likely to be successful. For samples 
that have suffered prolonged exposure to sub-optimal environments where DNA damage 
processes are highly active, other DNA-based identification techniques are continuing to be 




1.3 Previous Advancements in Forensic DNA Typing  
 
Ongoing developments in molecular biology techniques are providing new avenues to retrieve 
genetic material and successfully genotype challenging forensic samples. These have focused 
mostly on the analysis of alternative genetic marker types to those used in conventional STR 
typing to aid in human identification attempts (Edson et al. 2004; Musgrave-Brown et al. 2007; 
Fondevila et al. 2008b; Coble et al. 2009). 
1.3.1 MtDNA Control Region for Human Identification 
Forensic scientists rely on mitochondrial DNA (mtDNA) to generate biological profiles from 
compromised samples that fail with standard STR typing due to insufficient template quality 
and quantity (Holland et al. 1993; Budowle et al. 2003). In contrast to nuclear DNA, a single 
human cell contains multiple copies of the mitochondrial genome. mtDNA is inherited 
maternally without recombination, so maternal relatives will share the same mtDNA lineage, 
making it useful for kinship testing. Thus, a maternal relative can be used as a reference sample 
for identification, or for exclusionary purposes (Hartman et al. 2015). MtDNA is more likely 
to be preserved in degraded tissues because of its robust circular structure, which is thought to 
impart some resistance to DNA degradation that nuclear DNA lacks (Budowle et al. 1999; 
Butler 2011). Its existence in higher copy number per cell relative to nuclear DNA also means 
it is more likely to be recovered from degraded biological material (Legros et al. 2004; Butler 
2005; Foran 2006). For these reasons, mtDNA is usually investigated for remains that are 
degraded and possess low quantities of DNA. 
 
MtDNA variation between individuals is commonly analysed by sequencing two hypervariable 
segments (HV1 and HV2) of the control region (Holland et al. 1993; Budowle et al. 2003; 
Edson et al. 2004; Parson & Dur 2007). Because the control region is non-coding, nucleotide 
variability is more abundant (Butler 2009). While mtDNA has become a valuable tool for 
human identification, mtDNA is a haploid genome providing less power of discrimination than 
STRs, but is useful for testing familial relationships (Coble et al. 2009). The forensic European 
DNA Profiling Group (EDNAP) mtDNA Population Database (EMPOP) (Parson & Dur 2007) 
estimates that approximately 7% of Europeans share the most common control region 
haplotype (Allard et al. 2002; Coble et al. 2004). Variations in the mtDNA coding region can 
be examined to increase the resolution, discriminatory power and confidence of a haplotype 
match or exclusion (Parsons & Coble 2001; Quintans et al. 2004; Fridman et al. 2011). 
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Currently however, coding region polymorphisms are not routinely examined and reported for 
forensic human identification since they are not widely implemented.  
1.3.2 Single Nucleotide Polymorphisms 
Single nucleotide polymorphism (SNP) typing offers an alternative method for investigations 
in cases involving unsuccessful STR typing. SNPs can be valuable in genotyping highly 
degraded DNA due to the ease of reducing amplicon sizes (Budowle 2004; Phillips et al. 2004). 
SNPs constitute approximately 90% of genomic variation and exist across the whole human 
genome (Collins et al. 1998). SNPs can be interrogated for a range of different purposes for 
forensic investigation, including individualisation (Musgrave-Brown et al. 2007), and 
gathering of intelligence information via the prediction of biogeographic ancestry and 
pigmentation of hair, eyes and skin (de la Puente et al. 2016; Chaitanya et al. 2018). 
1.3.2.1 Identity Informative SNPs 
Identity informative SNPs can be targeted as an alternative means for individual identification 
when testing challenging remains (Freire-Aradas et al. 2012). SNPs for identification are 
required to have high heterozygosity and low population heterogeneity (Budowle & van Daal 
2008). The vast majority of SNPs are bi-allelic. Because of this, they are much less 
discriminatory than multi-allelic STRs on a per-locus basis, and studies suggest that between 
50 to 80 identity SNP markers would need to be analysed to match the discrimination power 
of a 10-16 STR locus panel (Gill 2001). 
The SNPforID consortium has constructed a 52-plex SNP assay to aid in human identification, 
where maximum amplicon size is 115bp, making it more suitable for use on degraded DNA 
(Sanchez et al. 2006). Other researchers have also constructed identification SNP panels where 
the selected autosomal markers collectively give very low probabilities of two individuals 
having the same multi-locus genotype (Dixon et al. 2005; Pakstis et al. 2010; Butler 2011). 
1.3.2.2 SNPs for Intelligence Gathering 
SNPs interrogated for ‘intelligence’ do not result in direct confirmation of identity but can 
provide information to lead investigators to a targeted search for positive identification. This 
is beneficial when individual identification cannot be established from STR profiling (either 
from no matches to a database or where no profile can be obtained from degraded remains). 
Selected SNP markers that exist on nuclear and mitochondrial DNA have been used in forensic 
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investigation of genetic ancestry because some alleles are associated with specific populations 
(Phillips et al. 2007; Butler 2011; Kayser & de Knijff 2011; van Oven et al. 2011b; Valverde 
et al. 2013), or are associated with differences in hair and eye colour (Sulem et al. 2008; Walsh 
et al. 2013). The predictive capability of DNA can act as a ‘genetic witness’ to provide 
complementary forensic intelligence for cold cases and missing persons, and for cases where 
investigative leads have been expended (Phillips et al. 2009; Chaitanya et al. 2017).  
1.3.2.2.1 Phenotype-informative SNPs 
 
Genome-wide association studies have revealed genes involved in complex traits such as 
external visible characteristics (EVCs) (Han et al. 2008; Sulem et al. 2008). Eye, hair and skin 
colour are highly heritable traits and are important for human identification as they are key 
visual descriptors of an individual. The ability to determine visual characteristics from DNA 
can be a valuable tool in helping to solve missing person cases, identifying mass disaster 
victims or historical skeletal remains by providing intelligence information when other 
physical and genetic information is limited (Chaitanya et al. 2017). Human pigmentation in 
hair and eye colour is a polygenic complex trait, determined by the combined effects of 
multiple genes that control melanin synthesis or localisation (Sturm et al. 2001). Numerous 
SNPs have been identified by previous studies to be strongly associated with differences in hair 
and eye colour (Shekar et al. 2008; Sturm et al. 2008; Sulem et al. 2008). The HIrisPlex system 
(Walsh et al. 2013) was developed as a single multiplex assay based on SNaPshotTM chemistry 
targeting 24 loci that distinguish hair colour (blond, brown, red and black) and eye colour 
(brown, intermediate and blue) with reasonable accuracy (>69.5% for hair colour, >82% for 
eye colour). This system uses a statistical prediction model to classify an individual into a 
phenotype class and provide an associated probability value by comparison to a reference 
database. A more recent panel, the HIrisPlex-S system types an additional 17 markers that are 
predictive for skin colour (Chaitanya et al. 2018).  
 
Other areas of potential SNP typing for external visible characteristics include the identification 
of genetic markers that infer height, hair shaft shape (Medland et al. 2009; Adhikari et al. 
2016), facial features (Liu et al. 2012; Claes et al. 2014), and male pattern baldness (Marcinska 
et al. 2015; Liu et al. 2016). While not specifically SNP typing, recent research into the DNA 
methylation patters in the human genome (epigenetics) have shown an association with age, 
and techniques are currently under development with the aim of inferring human chronological 
age to aid in forensic investigation (Zbieć-Piekarska et al. 2015; Park et al. 2016; Zubakov et 
al. 2016; Parson 2018).  
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1.3.2.2.2 Ancestry-informative SNPs 
 
While autosomal STRs are the markers of choice for direct individual identification, their high 
mutation rates mean they are inappropriate markers for ancestry prediction. Y-STRs can also 
be applied for inferring the paternal biogeographic ancestry of unknown donors or missing 
persons. The Y-chromosome Haplotype Reference Database (YHRD) database 
(www.yhrd.com) includes haplotype data from 1221 populations across 135 countries, and, 
along with other published population studies, has shown a geographical discrimination of Y-
STR haplotypes (Kayser et al. 1997; Kayser et al. 2006; Tofanelli et al. 2009; Purps et al. 
2014). Y-STR profiles can be compared with those stored in the YHRD or other published 
databases in order to infer most likely geographical origin of paternal DNA (Kayser 2017). 
While they can be useful for inferring paternal ancestry, successfully amplifying and 
genotyping Y-STR amplicons can be difficult when working with challenging and degraded 
samples, and are not able to detect events of ancestry admixture (Phillips et al. 2009).  
 
Ancestry-informative SNPs exhibit low mutation rates and remain stable over generations, 
making them important genetic descriptors of ancestry and population history (Frudakis et al. 
2003; Butler 2007; Haasl & Payseur 2011). Ancestry SNPs must show low heterozygosity and 
high population heterogeneity, meaning their alleles should occur in contrasting frequencies 
across different populations in order to allow differentiation. The sequence information from 
individuals across major continental regions (Africa, Europe, the Middle East, Central and 
South Asia, East Asia, the Americas and Oceania) has been recorded and stored in online 
sources such as 1000 Genomes (The 1000 Genomes Project Consortium 2015) and Human 
Genome Diversity CEPH (HGDP-CEPH) (Cann et al. 2002) databases. These catalogues of 
genetic variation have allowed for the identification of SNPs that exist in high frequencies in 
one population versus all others. It is these loci that are targeted in SNP panels for 
differentiating between ancestral groups for population studies and forensic investigations.  
 
Autosomal SNPs are inherited bi-parentally and so represent genetic input from both ancestral 
lineages. A panel of autosomal ancestry SNPs can generate a profile that indicates ancestry 
from a single ancestral gene pool, or can suggest admixture from different ancestral populations 
(Fondevila et al. 2013). Typing autosomal ancestry SNPs for forensic use has been 
demonstrated in the Madrid bombing attack in 2004 (Phillips et al. 2009). Specialist SNP 
typing using the SNPforID 34-plex ancestry SNP panel was conducted in order to determine 
the biogeographic ancestry of the donors of seven evidential samples where STR profiles were 
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unmatched to any suspects or databases. The ancestry assignment indicated a donor of North 
African descent, which eventually assisted in the arrest of an Algerian perpetrator (Phillips et 
al. 2009).  
 
MtDNA SNPs are also helpful for the inference of maternal ancestry. The mtDNA coding 
region has observed mutation rates lower than that of the hypervariable control regions (Horai 
& Hayasaka 1990; Coble et al. 2004; Jobling et al. 2004). This relatively higher genetic 
stability of the coding region has thus been targeted for not only lineage testing but inferring 
the maternal ancestry of an individual. MtDNA haplogroup (a group of related haplotypes) 
distributions have been found to be geographically restricted historically, and can therefore 
help to trace a lineage back to a geographical location (Coble et al. 2004; Behar et al. 2007; 
Zietkiewicz et al. 2012). The same is true for Y-SNPs in the non-recombining Y-chromosome 
(NRY). The Y Chromosome Consortium (YCC) has published a database and phylogenetic 
tree linking 311 haplogroups in 20 major lineages (Y Chromosome Consortium 2002; Karafet 
et al. 2008) and is continually updated in accordance with emerging population studies. These 
Y-chromosome (Y-chr) macrohaplogroups show continental affiliations as well as more 
specific geographical distributions (sub-haplogroups), reflecting recent human migration 
(Jobling 2001; van Oven et al. 2011a).  
 
Both mtDNA and Y-chr will only test for one ancestral lineage each owing to their uniparental 
inheritance. While often overlooked for inferring ancestry, X-chromosome SNPs also display 
patterns of population divergence and can provide additional information in males where the 
ancestry of the maternal lineage can also be deduced alongside mtDNA (Phillips 2015a; Santos 
et al. 2016). In contrast, autosomal ancestry SNPs are inherited with recombination from both 
the mother and father, which is especially useful for identifying individuals with admixture 
from different ancestral populations. Several panels exist for ancestry testing using autosomal 
SNPs (Fondevila et al. 2013; Nievergelt et al. 2013; Kidd et al. 2014; de la Puente et al. 2016), 
mtDNA coding region SNPs (Haak et al. 2010; van Oven et al. 2011b) and Y-SNPs (Haak et 
al. 2010; van Oven et al. 2011a; Valverde et al. 2013). These panels in singular, allow an 
individual to be assigned to one ancestral group, or in the case of autosomal SNPs that detect 
ancestry admixture, originating from multiple geographic locations. However, it is especially 
important to emphasise that the accuracy of biogeographic ancestry predictions is strongly 
dependant on the choice of training set reference populations, the informative value of the 
markers (or choice of panel) (Rosenberg et al. 2003), and the computational approach to 
assigning ancestry classifications to a sample (Cheung et al. 2017). 
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The use of SNPs that exist on the mtDNA and Y-chr to infer ancestry can also provide 
supplementary lineage information to resolve ambiguous or inconclusive STR relationship 
results, or further resolve Y-chr and mtDNA haplotypes (Kohnemann et al. 2008; Vallone 
2012; van Oven et al. 2013). Traditional forensic techniques using mtDNA and the Y 
chromosome for identification have relied on control region sequencing and Y-STR testing. 
However, sometimes these techniques can fail to discriminate between distinct maternal and 
paternal lineages (Just et al. 2011). The addition of lineage SNP testing (either mtDNA coding 
region, whole mtDNA genome sequencing or Y-SNPs) can help to distinguish between these 
lineages by adding an extra element of genetic information for increased resolution power 
(Chaitanya et al. 2015; Morales-Arce et al. 2017).  
 
1.4 Limitations of mtDNA and SNPs for Forensic Investigation 
 
The principal advantage of SNP typing is the relative ease of designing short amplicons for 
the retrieval of genetic information from degraded DNA. However, several limitations exist 
with its use in forensic identification. Some issues include limited multiplexing capacity and 
assay design, tolerance to damaged DNA, and a lack of representative databases for some 
populations.  
1.4.1 Multiplex Assay Design 
Perhaps the most substantial drawback to SNP typing is that the predominantly bi-allelic nature 
of SNPs makes them relatively weakly informative per single locus. High-resolution ancestry 
inference requires many SNPs to reach reasonable population differentiation power with high 
likelihoods (Phillips 2015b). Designing large PCR multiplexes for SNP typing is a complex 
and difficult task that requires a delicate balance between reaching adequate discrimination and 
resolution power, whilst typing the minimum number of markers possible for design simplicity. 
Large multiplexes with a high number of PCR primers can lead to poor amplification efficiency 
of some loci (Apaga et al. 2017; de la Puente et al. 2017). The design of many PCR primers 
which do not interact with each other, and at the same time maintain short amplicons suitable 
for degraded DNA can lead to SNP-typing imbalance. A high number of PCR primers can also 
generate non-specific amplification making optimisation of PCR multiplexes a demanding 
task. The most commonly used SNP typing technology utilised in forensic laboratories 
(SNaPshotTM) is based on single base extension (SBE) of PCR amplicons. SBE products are 
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separated based on fragment sizes within four fluorescent dye channels via capillary 
electrophoresis (CE).  
 
 
Figure 1. The SNaPshot chemistry is based on the single-base extension of unlabelled oligonucleotide or primers. Each 
primer binds to a complementary template in the presence of fluorescently labelled dideoxynucleotides (ddNTPs) and DNA 
polymerase. The polymerase extends the primer by one nucleotide, adding a single ddNTP to its 3´ end. A single peak 
represents a particular SNP with a known SBE fragment size, and the colour of the peak indicates which nucleotide resides 
at the SNP position. Taken from Applied Biosystems, 2010. 
 
SNaPshot typing is a quick, simple and inexpensive method of interrogating small numbers of 
SNPs, however is limited in the number of loci that can be analysed in a single multiplex due 
to primer size variations and the detection chemistry of CE. Fragments with the same detected 
alleles can only be distinguished if they are separated by a sufficient number of nucleotides for 
profile readability. This proves difficult for designing large multiplexes as SNP amplicons, 
which can in theory be as little as 45 bp, are made much larger to accommodate the complexity 
with multiplex design and the fragment separation technology of SNaPshot. This of course, 
poses another limitation for degraded DNA, since PCR amplicons are made longer than ideal. 
As some SNP amplicons can exceed the upper limit of degraded DNA fragments (<200bp), 
primer binding sites may not be available leading to locus dropout (Zar et al. 2018). This may 
lead to poor SNP profiles or no profile at all in extremely degraded samples. 
 
Furthermore, in order to gain a full biological profile (i.e. mtDNA SNPs, Y chromosome SNPs, 
autosomal SNPs for ancestry and phenotype) from degraded remains, multiple independent 
multiplexes need to be performed. Most forensic laboratories do not have the capacity to 
deliver the full range of analysis and require outsourcing, which can consume valuable DNA 
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extract and place a burden on time and cost resources. Y-SNPs and mtDNA SNPs are single 
markers that can misrepresent the overall ancestry of an individual (Phillips et al. 2007; Lao et 
al. 2010; Santos et al. 2016). The analysis of admixed ancestry (where more than one 
population contributes genetically to an individual) is being increasingly discussed as a concern 
for ancestry testing (Phillips 2015b; Cheung et al. 2018). Ancestry classification tests currently 
have high prediction accuracy for unadmixed African, European, East Asian and Oceanian 
populations, but have difficulty for populations with shared demographic history as a result of 
cross-border migration, colonisation or trade (Galanter et al. 2012; Phillips et al. 2014; de la 
Puente et al. 2017; Jin et al. 2018). Populations from the Americas for example, have been 
previously characterised as admixed due to ancient migration from East Asia, colonisation 
from Europe and the slave trade from Africa, and this can complicate ancestry predictions from 
people who originate from such a population (Galanter et al. 2012; Homburger et al. 2015). To 
improve accurate predictions of biogeographic ancestry, the careful selection of population-
specific markers, the use of representative reference populations, appropriate classifier analysis 
tools and using a combination of multiple marker types has been suggested for a more 
comprehensive and accurate survey of the ancestry components within an individual (Cheung 
et al. 2018). The probability of misinterpreting an individual’s overall ancestry using a single 
type of marker set is higher in places where migration from distant populations has occurred 
(Phillips, 2015). For these reasons, it is important to consider autosomal ancestry predictions 
in context of an individual’s mtDNA and Y-chr (for males) haplogroup collectively in order to 
obtain the most accurate ancestry prediction. However, this requires a much larger set of 
genetic markers and multiple tests with standard SNP typing strategies using CE. 
1.4.2 Lack of Representative Population Reference Databases 
The strength of forensic DNA identification techniques relies heavily on the comparison of 
results to suitable reference population databases. A population database is a collection of allele 
or profile frequencies of specific genetic markers from groups of representative samples (for 
example ethnic groups such as African, Caucasian etc). Contrary to DNA databases (profiles 
from convicted criminals, persons of interest, volunteers, personal items from missing persons, 
and DNA profiles from unknown deceased persons), a population database is not used for 
matching DNA profiles, but rather is a tool for which random match probabilities and statistical 
tests can be performed to assess the significance of a match or result (Butler 2011). Individual 
identity markers, whether it be STRs or identity informative SNPs, are assessed according to 
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their prevalence in the population, and require statistical inference to report the strength of a 
match. 
 
Australia has a strong collection of STR databases across its states. These collectively form the 
National Criminal Investigation DNA Database (NCIDD), a tool to help inform investigations 
Australia-wide. Since its inception in 2001, it now has more than 800,000 STR profiles that 
can be readily used to confirm the source of STR profiles recovered from crime scene samples 
(Australian Criminal Intelligence Commission 2016). When an STR profile from an unknown 
donor is consistent with that of a known person of interest or database profile, statistical 
likelihood tests (i.e. the likelihood that two unrelated people share the same STR profile in a 
given population) are performed using population databases (Taylor et al. 2017) in order to 
evaluate the evidentiary value of the match. Apart from STR markers, Australia has a very 
limited resource of population databases for other genetic markers.  
 
Biogeographic ancestry can be difficult to assign to a sample from populations which 
previously have not been examined for ancestry-informative SNPs, or where no suitable 
reference population databases exist (Cheung et al. 2018). Although mtDNA is commonly used 
for familial matching and ancestry inference, no such forensic population database describing 
the frequency of haplotypes in the Australian population has been established. MtDNA 
haplotype matches are evaluated against the EMPOP mtDNA population database, which is 
over-represented by European populations (Parson & Dur 2007). Additionally, while Y-chr 
and mtDNA markers are phylogenetically informative for ancestry (Jobling & Tyler-Smith 
2003), large databases with good geographical coverage are required in order to properly 
estimate haplotype variability in a population and thus its evidentiary value. Markers that infer 
autosomal ancestry have also not been examined in an Australian population to estimate the 
occurrence of different genetic ancestry groups. The lack of such databases can lead to 
interpretation issues, limiting the level of confidence that can be placed on the ancestry results 
and could potentially risk false assignment to country of origin for unknown remains. 
 
The importance of choosing appropriate reference population databases has been highlighted 
in a previous study and guidelines for the use of mtDNA for forensic purposes (Parson & 
Bandelt 2007; Salas et al. 2007). Evaluating frequencies of mtDNA haplotypes and 
haplogroups can be affected significantly by the choice of source population (Parson & Bandelt 
2007), even from neighbouring populations considered as closely related to the target 
population as possible (Salas et al. 2007). This can bias the frequency estimations in the target 
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population, and ultimately, the conclusions that are drawn from them. Therefore, population 
databases representative of the target population should be collated and used for the accurate 
interpretation of mtDNA results to avoid unreliable frequency estimates of haplotypes and 
haplogroups (Salas et al. 2007) 
 
As already discussed, it is not uncommon in forensic laboratories to encounter DNA samples 
that are degraded beyond the point of detection of traditional STR testing, and so other 
techniques such as ancestry inference as well as mtDNA analysis are explored. Cases involving 
extremely degraded human DNA can include but are not limited to cold cases, missing persons 
and historical mass graves or war dead. In these instances, there is a limit in the confidence of 
DNA results as there are not only a lack of Australian population databases for those specific 
markers to compare to, but the results are not examined in reference to representative 
population databases relevant to the time period of death. Understanding the genetic 
composition of an historical population will allow for improved analysis and reporting of 
relevant cases, thus facilitating identification efforts of historical human remains.  
 
1.5 Emerging Technologies for Degraded DNA Analysis 
 
The advent of high-throughput, massively parallel DNA sequencing systems, collectively 
called Massively Parallel Sequencing (MPS) has allowed the scientific community increased 
knowledge of human genomic variation by permitting the contemporaneous interrogation of 
hundreds to thousands of genetic markers. MPS has the capability to interrogate all forensically 
relevant STRs and autosomal, Y-chromosome and mtDNA SNP markers in a single run 
without depleting extra stores of DNA extract, and overcomes a number of limitations 
associated with capillary electrophoresis-based SNP analysis. Equally important, whole 
genomes can be typed with single base-pair resolution from a limited amount of starting genetic 
material and has been successful even on ancient DNA samples thousands of years old (Green 
et al. 2010; Krause et al. 2010; Gunnarsdottir et al. 2011). This demonstrates the capability of 
these methods to retrieve genetic information from highly degraded remains with low amounts 
of DNA. In principle, a single sequencing run using MPS can fully replace the many different, 
independent forensic tests currently used since the number of targets is no longer a limitation. 
Targeted MPS sequencing, where only relevant markers are selected for analysis, is most 
applicable to forensic identification since sequencing a whole genome is sometimes not 
financially practical, desirable or necessary. Furthermore, the use of molecular barcoding 
technologies allow independent multiplexes and samples to be pooled together into a single 
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analysis run, such that multiple samples can be tested for hundreds of genetic markers 
concurrently, utilising the high throughput capacity of MPS (Binladen et al. 2007; Meyer & 
Kircher 2010; Knapp et al. 2012). 
1.5.1 Current Commercial MPS Technologies for Human Identification 
For applications to forensic DNA analysis of heavily degraded remains, MPS sequencing has 
a major advantage over current CE based approaches because numerous markers can be 
reliably sequenced simultaneously in the absence of a size separation chemistry. Methods that 
simultaneously type identity, ancestry, phenotype and lineage SNPs by MPS are increasingly 
being explored and developed. The Thermo Fisher Scientific Precision ID Panel based on the 
Ion Torrent platform now includes 90 autosomal SNPs and 34 Y-SNPs for individual 
identification (Meiklejohn & Robertson 2017). Illumina has also released the MiSeq FGx 
system for use with the ForenSeqTM DNA Signature Prep Kit, an MPS platform specifically 
designed for forensic genomics which interrogates 59 STRs, and 172 identity, phenotypic and 
biogeographical ancestry SNPs (Churchill et al. 2016). The Qiagen 140-SNP forensic 
identification multiplex types 140 SNPs informative for individual identity and can be 
sequenced on either the Ion Torrent or MiSeq platforms (de la Puente et al. 2017). However, 
such methods are still based on an initial PCR amplification of the target loci which does not 
eliminate PCR biases and the difficulties in designing multiplexes for a large number of 
markers as already discussed. Because of this, SNPs that can in principle generate amplicons 
as low as 45bp are in practice much larger. In some cases this exceeds 200bp, already greater 
than the upper limit of the average fragment length of degraded samples, and has limited 
success on degraded DNA below 150bp (Knapp & Hofreiter 2010; Gettings et al. 2015; Bulbul 
& Filoglu 2018). In addition, the use of a higher number of primer pairs in a single assay can 
lead to PCR biases, inefficiency and underperformance of some markers (Apaga et al. 2017; 
de la Puente et al. 2017), which makes PCR multiplex optimisation a complicated task. This 
can become a barrier for some forensic laboratories that require the design of tailored panels 
for specific purposes.  
 
As discussed, chemical modifications to degraded DNA (e.g. blocking lesions) can cause 
unsuccessful PCR amplification of target amplicons, an issue that is still faced by using PCR 
multiplexes in MPS approaches. PCR amplification failure may also arise due to the presence 
of PCR inhibitors in a sample such as heme, melanin, heparin and humic substances (Elwick 
et al. 2018). The absence of any unique barcoding system for each sample prior to PCR 
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amplification can also be a concern for detecting and filtering laboratory contamination. 
Because of these reasons, although a valuable tool, current commercial MPS approaches using 
PCR for forensic human identification of degraded remains have some technical drawbacks. 
1.5.2 Hybridisation Enrichment as an Alternative Approach for Typing Degraded DNA 
Hybridisation enrichment (or hybridisation capture) for MPS relies on the binding of 
biotinylated DNA or RNA probes that are complementary to target regions in a DNA sample 
(Mertes et al. 2011). This strategy can enrich for SNP loci prior to sequencing without the 
need for an initial PCR. Streptavidin beads magnetise to probes bound to target DNA, while 
unbound DNA and impurities are eliminated through a series of stringency washes. 
Hybridisation enrichment can eliminate some issues with PCR-based approaches, particularly 
for primer design, and as a result much shorter fragment lengths of DNA can be captured 
without the need for intact PCR primer binding sites (Schubert et al. 2012). There is no 
requirement for complex PCR primer multiplex design for large numbers of markers and thus 
no limit on how many loci can be examined in a single assay. Some hybridisation enrichment 
strategies target tens of thousands of SNPs in a single panel and have been successful on 
ancient DNA samples (Soubrier et al. 2016). Recent studies using this target enrichment 
strategy have demonstrated success in recovering short sequences in highly degraded DNA 
for ancient DNA and forensic analyses (Templeton et al. 2013; Soubrier et al. 2016). 
Templeton et al. (2013) were able to recover whole mitochondrial genomes with high 
resolution and sequencing coverage and depth on samples that had previously failed (or was 
of low-resolution) with standard forensic identity testing. Another more recent study applied 
a custom hybridisation enrichment panel including 307 SNPs and 36 microhaplotypes in the 
nuclear genome, with a focus on identity informative SNPs (Bose et al. 2018). Other markers 
in this panel include those for phenotype and ancestry, and 70 tri- and tetra-allelic SNPs for 
mixture resolution (Bose et al. 2018). Both studies have explored the application of this 
relatively recent hybridisation enrichment strategy for forensics purposes with good success.  
 
The advent of MPS has undoubtedly sparked a movement towards generating massive 
amounts of data from biological samples. While an exciting age for DNA analysis, forensic 
investigations involving DNA analysis must still be focused on retrieving genetic information 
relevant to specific forensic questions. Current forensic panels using MPS technologies have 
demonstrated utility for generating data for hundreds of markers from forensic-type samples 
(de la Puente et al. 2017; Meiklejohn & Robertson 2017; Xavier & Parson 2017), yet present 
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an inflexible approach to SNP typing. The SNPs targeted in these particular panels are 
interrogated by pre-mixed primer sets or probe pools that could result in an excess of data 
impertinent to the questions of interest. The concerns over the generation of excess data are 
increasingly being explored in the forensic community after recognising the possibilities over 
developing MPS technologies as a potential invasion of ‘genetic privacy’ (Scudder et al. 
2018b, 2018a). The generation of ‘big data’ also raises concerns over the extra demand for 
interpretation, computing power and bioinformatic expertise for such larger bodies of genetic 
data per sample, and how this should be managed in a forensic laboratory (Phillips 2018; 
Scudder et al. 2018b).  
 
 
1.6 Overview of Thesis and Data Chapter Summaries 
 
Collectively, this thesis aims to develop and explore alternative DNA intelligence methods 
for human identification of highly degraded and historical Australian remains. The following 
manuscripts have been compiled to explore several laboratory and analysis methods to 
improve the genotyping of degraded human DNA for forensic intelligence purposes. New 
data generated from a sample of individuals representing an Australian historical population 
will help inform the ancestry analysis of historical Australian remains.  From the knowledge 
gained throughout this project, new workflows and considerations will be proposed and 
explored.  
 
Chapter 2: A mini-multiplex SNaPshot assay for the triage of degraded human DNA 
The first study aimed to develop a novel triaging tool based on SNP typing for the purpose of 
screening DNA samples for DNA quality and broad biological profile prior to deciding on 
which downstream laboratory process are most likely to retrieve sufficient genetic data for 
analysis. The newly developed panel interrogates 18 SNP and indel markers across nuclear 
and mtDNA targets with varying amplicon sizes to qualitatively assess DNA degradation and 
to triage priority of DNA samples based on inferred sex, mtDNA and Y-chromosome 
ancestry, and eye colour. Firstly, I apply the panel to a set of reference samples with known 
biogeographic ancestry, sex and eye colour to establish the accuracy and any interpretation 
considerations of the panel. I then demonstrate the utility of the method for SNP retrieval, 
and the inference of ancestry, sex and phenotype on a range of degraded human DNA 
extracts and discuss the value of such a tool in forensic analysis of degraded DNA.   
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Chapter 3: A custom hybridisation enrichment forensic intelligence panel to infer 
biogeographic ancestry, hair and eye colour, and Y chromosome lineage. 
New hybridisation enrichment strategies for MPS analysis of degraded and trace DNA 
samples have increased the capacity to retrieve genetic data for forensic identification and 
intelligence gathering (Templeton et al. 2013; Bose et al. 2018; Shih et al. 2018).  
Chapter 3 describes the SNP selection and methods development of a novel 124-SNP panel 
for biogeographic ancestry, paternal lineage, and hair and eye colour inference. An evaluation 
of the panel is presented to explore whether the inferences made from the custom panel of 
SNP markers are robust and accurate for predicting a range of biogeographic ancestries, sex, 
phenotype and Y-chr haplogroups. This was performed on a range of samples of known sex, 
self-declared ancestry and hair and eye colour. The study explores the value and feasibility of 
the panel to aid in intelligence gathering for forensic investigation.  
 
Chapter 4: Application of the Miniplex SNaPshot assay and the 124-SNP hybridisation 
enrichment assay to degraded human DNA 
Chapter 4 brings together the two newly developed and applied SNP typing tools, the 
Miniplex from Chapter 2, and the custom enrichment panel from Chapter 3 on a range of 
degraded human teeth and forensic casework samples to demonstrate real-world applications 
of the methods. The successes and limitations of the combined analysis workflows are 
discussed, and further suggestions are proposed for possible avenues for improvement of the 
techniques in obtaining genetic data for inference of forensically relevant intelligence 
information. 
 
Chapter 5: The Historical Australian DNA Database 
Current ancestry testing of historical Australian remains suffers from a lack of a 
representative population database during the early 20th century. The biogeographic ancestry 
composition of the Australian population during this time is therefore largely unknown, and 
this may impact on the accuracy and reliability of the sorting of recovered historical remains 
based on genetic ancestry. The final study of this thesis aimed to collate the first Australian 
historical population database that will continue to be made larger with further study. DNA 
samples were collected from members of the public who reflect the Australian population 
prior to the waves of migration into Australia after 1945. Their biogeographic ancestry was 
determined through mtDNA analysis and by the use of an autosomal ancestry SNP panel to 
detect and characterise the biogeographic ancestry composition of the Australian population 
during this time. This approach has produced new ancestry data and generates the 
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foundations of the first multi-gene historical DNA database for Australia and describes its 
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A B S T R A C T
Short Tandem Repeat (STR) genotyping is currently the primary DNA-based method for human identification,
however it can have limited success when applied to degraded human remains. Massively parallel sequencing
(MPS) provides new opportunities to obtain genetic data for hundreds of loci in a single assay with higher
success from degraded samples. However, due to the extra requirement for specialised equipment, expertise and
resources, routine use of MPS may not be feasible or necessary for many forensic cases. Here we describe the
development of a mini-multiplex SNaPshot screening tool (Miniplex) for human samples which allows the
qualitative comparison of short mitochondrial and nuclear DNA targets, as well as the interrogation of bio-
geographic ancestry, lineage, and phenotype single nucleotide polymorphisms (SNPs). This tool is useful to
triage samples based on sample quality prior to downstream identification workflows and provides broad bio-
logical profile data for intelligence purposes.
1. Introduction
Currently, (STR) profiling is the most widely used method for DNA-
based forensic human identification. However, it provides little value to
an investigation when there is no match to existing databases or when
no STR profile can be obtained due to DNA degradation. In these cases,
new methods that interrogate SNPs in mitochondrial, Y chromosome,
and autosomal DNA to deliver maternal and paternal lineage, biogeo-
graphic ancestry, and/or phenotypic information can provide in-
telligence to guide identification attempts [1]. This information can
direct targeted collection of reference samples in cases where obtaining
a STR profile is likely, or can be used as the primary DNA evidence in
cases where no STR profile can be obtained. A number of methods and
panels have been developed for use in human identification, most of
which focus on a single biological query, such as mtDNA [2,3], Y
chromosome [4], biogeographic ancestry [5,6], identity SNPs [7] or
phenotype [8]. Hence to establish a comprehensive understanding of a
person’s biological profile, multiple sequential tests must be performed
with significant cost and time burdens as well as consumption of va-
luable sample.
Recent developments in MPS of polymerase chain reaction (PCR)
multiplexes offer a solution to this issue, via simultaneous sequence
analysis of hundreds of genetic markers [9,10]. However this tech-
nology has a number of limitations, including cost and time constraints,
and the need for additional specialised equipment and expertise. These
can be significant hurdles for routine adoption in forensic biology la-
boratories, especially those with low-throughput MPS requirements.
Commercial MPS kits have also shown limitations with performance
when analysing degraded DNA, both in the recovery of longer genetic
targets (e.g. the maximum amplicon length for the ForenSeq™ panel is
430 bp) [11,12] and in the interpretation of data [13].
Constraints imposed by limitations on available resources, expertise
and biological sample mean that careful decisions must be made to
determine which samples should be analysed with more specialised
methods. A screening tool to assess the presence and quality of both
nuclear and mitochondrial DNA in a sample and to provide broad
profiling information about the donor (maternal and paternal lineage,
biogeographic ancestry and phenotype) would be beneficial to triage
samples to allow appropriate use of available resources and to assist in
directing an investigation.
Here we describe the development of a multi-target SNP-based
screening panel (‘Miniplex’). This new panel interrogates 18 markers
that are informative for mtDNA and Y chromosome (Y-chr) hap-
logroups, biogeographic ancestry, and phenotype (eye colour). The
Miniplex is a quick, efficient and economical method with simple data
analysis that delivers a broad biological profile in a single multiplex
assay. Data generated can be used as a preliminary screening tool to
inform subsequent analyses by aiding in directing resources and man-
agement of samples (i.e. to determine which samples require more
specialised methods). The Miniplex provides a measure of DNA quality
via qualitative comparison of mtDNA and nuclear SNP recovery, and
DNA availability in degraded samples by targeting short amplicons.
This panel also allows sex determination due to the inclusion of mul-
tiple Y-chr SNPs. The benefits of combining different marker types are
https://doi.org/10.1016/j.fsigen.2018.02.006
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especially applicable for populations where admixture is a factor in
their demographic history.
2. Materials and methods
2.1. SNP selection and multiplex design
We selected 17 SNPs and one indel from previously published pa-
nels [2–6,8]; to allow broad inference of mtDNA haplogroup, Y-hap-
logroup, biogeographic ancestry (mtDNA, Y −chr and autosomal) and
phenotype (eye colour). These include five SNPs to define global
mtDNA haplogroups (L3*, M*, N*, R and D), four SNPs and one indel
for global Y- chr haplogroups (D, E, C, R and O), five SNPs that dif-
ferentiate between five continental biogeographic ancestry groups
(Africa, Europe, East Asia, Oceania and Native America), and three
SNPs for eye colour prediction (Supplementary Table S1).
PCR and single base extension (SBE) primer sequences were ob-
tained from the original publications (Supplementary Tables S1 and S2)
with the exception of PCR primers for SNP rs12913832 (eye colour)
where new PCR primers were designed to reduce amplicon size, fol-
lowing guidelines set out in [14]. The length of PCR amplicon sizes
range from 66 to 128 bp. All primers were screened for primer-dimer
formation, complementarity and hairpin interaction using Primer-
BLAST [15] and Multiplex Manager [16]. SBE primers were high per-
formance liquid chromatography (HPLC) purified and modified at the
5′ end with poly-CT tails to ensure appropriate fragment length spacing
within the four fluorescent dye channels. The length of the SBE primers
was between 24 and 90 bp, and primers using identical dye combina-
tions were separated by at least three bp in length.
2.2. Reference samples and DNA extractions
We used high quality reference DNA samples to test and optimise
the multiplex. Buccal swabs on FTA cards were obtained from human
donors with informed consent in accordance with ethics approval from
the University of Adelaide Human Research and Ethics Committee (H-
2016-218). Donors had a range of self-declared biogeographic ancestry
(Europe, Africa, Native America, East Asia) and included people with
blue, intermediate and brown eyes. DNA was extracted from ∼5mm2
pieces of FTA card using a Charge Switch Forensic DNA Purification Kit
(Thermo Fischer Scientific) following manufacturer’s instructions and
quantified using the Qubit (Life Technologies) high sensitivity assay
(concentrations given in Supplementary Table S3).
2.3. Multiplex PCR, SNaPshot and capillary electrophoresis (CE) conditions
To assess the performance of each primer pair and SBE probe, to
confirm the SNP at each marker, and to set-up the custom panel and bin
settings, all PCR primer pairs and SBE probes were tested in singleplex
on male and female reference DNA samples. PCR, SBE and CE condi-
tions for the singpleplexes were identical to the multiplex protocol
described below except the final primer concentrations were 0.8 uM for
PCR primers and 160 nM for SBE probes. For bins unable to be resolved
using available reference DNA samples, we designed three 105 bp oli-
gonucleotides containing the SNP of interest for use as template (8 nM
final concentration per PCR) in singleplex PCR and SBE reactions. We
attempted to balance the final multiplex SNaPshot profile peak heights
by adjusting the PCR and SBE primer concentrations based on the re-
lative fluorescence units (rfu) of the initial singleplexes, with sub-
sequent adjustment in the multiplex.
The optimised multiplex PCR protocol used 12.5 uL volumes con-
taining 1uL of DNA extract, 1.25 uL of 10× ImmoBuffer, 1.125 uL of
50mM MgCl2, 0.1 uL Immolase DNA Polymerase (Bioline Pty Ltd), 1 uL
of 10mM dNTP mix (Applied Biosystems), 0.2 uL of 3.2mg/ml RSA
(Sigma- Aldrich), 5.55 uL H20 and 2 uL of primer mix consisting of 18
primer pairs with final concentrations given in Supplementary Table
S1. PCRs were carried out on a T1000 Thermal Cycler (Bio-Rad
Laboratories) using the following conditions: 95 °C for 10min followed
by 30 cycles of 94 °C for 45 s, 60 °C for 45 s, 72 °C for 60 s and a final
extension at 72 °C for 6min. Amplification success was assessed by gel
electrophoresis on a 3.5% agarose gel (100 V for 45min; Hyperladder V
DNA size ladder (Bioline Pty Ltd)). PCR products were purified by
combining 2.5 uL PCR product with 1 uL Illustra ExoProStar PCR
cleanup reagent (GE Healthcare Life Sciences), followed by incubation
at 37 °C for 45min and 80 °C for 15min.
SBE reactions consisted of a final volume of 3 uL containing 1 uL
purified PCR product, 1.25 uL SNaPshot® Ready Reaction mix (Applied
Biosystems), and 0.25 uL of a SBE primer mix with final concentrations
detailed in Supplementary Table S2. Thermocycling was performed on
a T1000 Thermal Cycler (Bio-Rad Laboratories) with the following
conditions: 96 °C for 2min followed by 30 cycles of 96 °C for 10 s, 55 °C
for 5 s, 60 °C for 30 s. SBE products were purified by adding 1 uL of
Illustra Alkaline Phosphatase (GE Healthcare Life Sciences) and in-
cubating for 37 °C for 80min followed by enzyme inactivation at 85 °C
for 15min.
One uL of purified SBE product was mixed with 9.75 uL Hi-Di
Formamide and 0.25 uL GeneScan-120 LIZ internal size standard
(Applied Biosystems). Capillary electrophoresis was performed on a
3500 Genetic Analyzer (Applied Biosystems) with 36 cm arrays and
POP-4 polymer using a customised run module. Electropherograms
were analysed for genotype calling in GeneMapper ID version 5.0
(Applied Biosystems) using a custom panel and bin settings.
2.4. Multiplex profile interpretation
As the assay is a multi-target SNP genotyping tool, each marker type
requires separate interpretation for an overall assessment of mtDNA
and Y-chr haplogroup, biogeographic ancestry and phenotype.
2.4.1. Lineage markers
Y-chr and mtDNA SNPs were mapped onto the Y-chr [17] and
mtDNA [18] trees on PhyloTree build 17 (www.phylotree.org) to pre-
dict the Y-chr and mtDNA haplogroup respectively, and to check for
phylogenetic sense (i.e. the SNP profile predicted a single haplogroup).
2.4.2. Autosomal ancestry
The autosomal SNPs were compared to genotypes from 402 in-
dividuals across five reference population groups (Africa=AFR,
Europe=EUR, East Asia=EAS, America=AMR and Oceania=OCE)
from the 1000 Genomes Project [19], and the CEPH human genome
diversity panel (HDGP-CEPH) [20] (see Supplementary file S1) using
the online Bayesian forensic classifier Snipper (http://mathgene.usc.es/
snipper/). AFR, EUR and EAS population genotypes for the five auto-
somal ancestry SNPs in the Miniplex were sourced from samples of the
1000 Genomes Project, and AMR and OCE genotypes were sourced
from the HGDP-CEPH dataset [5]. Likelihood ratios (LR) for the bio-
geographic ancestry classifications were generated from the output, and
a 2D PCA plot generated in R as described in a previous study [21], and
were used to inform biogeographic ancestry.
2.4.3. Phenotype
For application as a screening tool, and because of the complex
polygenic nature of intermediate iris colour predictors [8], the three
phenotype SNPs included in this panel were chosen to provide an in-
dication of ‘brown’ versus ‘not brown’ eye colour. Phenotype SNPs were
analysed to predict eye colour (brown or not brown) using the pre-
diction model from the HIrisPlex Eye and Hair Colour DNA Pheno-
typing Webtool (hirisplex.erasmusmc.nl) outlined in a previous study
[8].
2.4.4. Sex
The Y-chr SNPs were used to identify the sex of each DNA donor.






The presence of two or more Y SNPs was interpreted as a male.
However, due to the possibility of degraded DNA, the absence of Y-chr
SNPs was only used to indicate a female if mtDNA, ancestry and phe-
notype SNPs were obtained.
2.5. Quality control, concordance, and sensitivity tests
We tested the Miniplex on ten reference DNA samples (Section 2.2),
comprising five males and five females with known mtDNA haplogroup,
self-declared ancestry and phenotype. The mtDNA haplogroups were
obtained via Sanger Sequencing of the control region with haplogroup
prediction using EMPOP (https://empop.online/).
2.5.1. Quality controls
We included a positive control, of known sex and genotype, in all
PCR and SBE typing attempts to ensure reproducibility between bat-
ches. Negative extraction controls and PCR negative controls were also
included to monitor for contamination, allele and locus drop-in and
other artefacts.
2.5.2. Concordance
The SNP profile obtained from the Miniplex assay for one reference
sample was compared to sequence data obtained via MPS amplicon
sequencing. Multiplex PCR was carried out as described in 2.3. Library
preparation was undertaken using the KAPA Hyper Prep Kit (KAPA
Biosystems) following the manufacturer’s instructions. In brief, PCR
product was end repaired & A-tailed on 3′ ends. Barcoded library
adapters were then ligated and purified with Ampure (Agencourt).
Library amplification was performed using seven cycles on a T1000
Thermal Cycler (Bio-Rad Laboratories), followed by Ampure
(Agencourt) purification. The library was quantified using the Agilent
2200 TapeStation (Agilent Technologies). Sequencing was performed
on an Illumina MiSeq at Australian Genome Research Facility using
paired end 150 bp reads.
2.5.3. Sensitivity testing
To test the sensitivity threshold of the assay, a male and female
control DNA sample (Promega) were genotyped in a doubling dilution
series of DNA with input levels of 1 ng, 0.5 ng, 0.25 ng, 125 pg, 64 pg,
32 pg, and 16 pg. Each dilution was run in triplicate and negative and
positive controls were included in all PCR and SBE runs.
2.6. Testing on degraded DNA samples
We subsequently tested the Miniplex on degraded DNA samples
using extracts from degraded human teeth [22] in accordance with
ethics approval from the University of Adelaide Human Research and
Ethics Committee (H-2016-198). Known ancestry and phenotype data
were not available for these samples. In brief, isolated human teeth
were buried in soil for periods of time ranging from one to 16 months,
and then DNA was extracted from cementum tissue as described in the
study [22]. All DNA extracts were quantified using the Qubit (Life
Technologies) high sensitivity assay (sample information and DNA
concentrations given in Supplementary Table S4). STR typing success
for each sample was also assessed and data was made available from the
previous study [22]. Three teeth from zero months acted as quality
controls, and four teeth from each post-mortem interval (1, 2, 4, 8, and
16 months) were used.
3. Results
3.1. The miniplex assay: design and sensitivity
Despite efforts to achieve peak height balance, mtDNA SNPs con-
sistently displayed higher rfu values than nuclear SNPs (Fig. 1). The
panel performed optimally at DNA input amounts between 1 ng and
64 pg, however full profiles were obtained with 500 pg, 250 pg, 125 pg,
64 pg, and 32 pg of input DNA. For 16 pg of input DNA, all mtDNA SNPs
were recovered, and locus and allele dropout occurred for nuclear DNA
SNPs, with no less than 85% recovery rate.
3.2. Performance on reference DNA samples
3.2.1. mtDNA and Y-chr SNPs
We obtained all five mtDNA SNPs from the ten reference DNA
samples, and all five Y-chr SNPs from the five male reference DNA
samples. All five female samples displayed a peak for Y-chr locus M174.
All mtDNA and Y-chr SNPs made phylogenetic sense (i.e. they predicted
only a single haplogroup), and the inferred haplogroups were con-
cordant with self-declared ancestry (Table 1). The mtDNA haplogroup
inferred from the five SNP profile was concordant with the EMPOP
predicted haplogroup from the control region sequence.
3.2.2. Biogeographic ancestry
We obtained all five biogeographic ancestry SNPs from all ten re-
ference DNA samples. Biogeographic ancestry predictions from Snipper
were concordant with self-declared ancestry (Table 2).
The PCA plot (Fig. 2) based on five autosomal ancestry SNPs for the
ten reference samples and 402 population sample genotypes shows
clear separation of African and European samples, but weak and/or
overlapping distribution for American, Oceanian, and East Asian sam-
ples. The position of the ten reference DNA samples is broadly con-
sistent with their self-declared biogeographic ancestry.
3.2.3. Phenotype prediction
We obtained all three phenotype SNPs from each of the ten re-
ference DNA samples. The HIrisPlex Eye and Hair Colour DNA
Phenotyping Webtool correctly predicted eye colour as ‘brown’ or ‘not
brown’ (Table 3). As the full suite of HIrisplex SNPs were not typed in
this assay, the loss in ‘area under curve’ (AUC), which represents the
loss in accuracy of the prediction, is reported due to missing data. Our
results show that this panel is still able to indicate brown and not brown
eye colour with a high probability and low AUC loss.
3.2.4. Sex prediction
All five male samples displayed peaks for all five Y-chr SNPS. As
mentioned above (Section 3.2.1) all five females displayed a peak for
the ancestral allele T of Y-chr SNP M174. The sex of all ten reference
DNA donors was therefore predicted accurately on the basis of the
presence or absence of two or more Y-chr SNP markers.
3.3. Concordance study
3.3.1. Singleplex sanger sequencing
Sanger sequencing of mitochondrial control region and EMPOP
prediction for each sample was concordant with the five SNP profile
haplogroup prediction obtained from the ‘Miniplex’ panel.
3.3.2. MPS amplicon sequencing
All 18 markers were concordant with MPS amplicon sequencing
results (data not shown). The read depth per locus ranged from 2843
reads for Y-chr SNP M216 to 15,752 reads for mtDNA SNP 12705, with
a mean of 7305 reads per SNP.
3.4. Application to low quality degraded DNA
3.4.1. Profiling success
We retrieved all five mtDNA SNPs from all 23 degraded tooth
samples, and full nuclear SNP profiles (13 SNPs for males, 8 SNPs for
females) from nine out of the 23 samples (Fig. 3). Nuclear SNP typing
success was equal to or higher than STR typing success in all samples.
For the 14 samples displaying partial profiles, nuclear SNP success


















































Fig. 1. Example electropherograms for the Miniplex for (A) female, and (B) male reference samples with 1 ng of input DNA. Vertical grey boxes represent allele bins. Alphanumeric codes
above grey boxes refer to the locus code: M1-M5=mtDNA, Y1-Y5=Y chr, A1–A8= autosomal ancestry and phenotype (see Supplementary Table 1 for details).
















ranged from 12.5–92%, compared to 0–90% STR success. The ‘Mini-
plex’ generated partial nuclear SNP profiles and full mtDNA profiles
from three samples that produced no STR data previously, and an in-
creased percentage of target recovery compared to previous STR data
for 16 samples.
3.4.2. mtDNA and Y SNPs
We obtained all five mtDNA SNPs from all samples, and five of
eleven male samples produced all five Y-chr SNPs (Table 4). Y-chr SNP
dropout occurred most frequently for the M175 indel. The mtDNA and
Y-chr SNP profiles made phylogenetic sense and indicated only one
haplogroup each. Three male samples were not assigned to any of the
haplogroups predicted by the Miniplex and were labelled as ‘Not D, E,
C, R, O’. Four male samples had insufficient Y-chr SNPs typed to assign
a Y-haplogroup.
3.4.3. Biogeographic ancestry
Twenty samples returned a ‘European’ classification, and one
sample returned a ‘Native American’ classification using Snipper
(Table 5). Two samples could not be classified due to missing data.
The PCA plot (Fig. 4) for the five ancestry SNPs using 402 reference
population genotypes and degraded teeth sample shows a clustering of
the samples around the European reference population, with sample
4102 falling around the East Asian, Oceanian and American reference
populations.
3.4.4. Phenotype
Seventeen out of 23 samples produced sufficient SNPs to generate
an eye colour prediction using the HIrisplex Hair Colour DNA
Phenotyping Webtool. Thirteen of these samples produced all three
phenotype SNPs. Eleven samples for which a prediction was made were
predicted as having ‘not brown’ eye colour and six samples were pre-
dicted as a ‘brown’ eye colour phenotype (Table 6). Six of the 23
samples had missing data for which the webtool was not able to make a
prediction.
Table 1
Sample information for ten reference DNA samples, five males and five females, and their
inferred mtDNA and Y-chr haplogroup from the Miniplex compared to self-declared an-



















ACAD34 Male European U2e1 N* R
ACAD22 Male African L3e3b L3* E
ACAD35 Male East Asian Z3 M* O
ACAD8 Female European T2b R na
ACAD1 Female European J2b1 R na
ACAD32 Female European T2f1a R na
ACAD33 Female East Asian B4c1c R na
ACAD29 Female European J1c2 R na
Table 2
Inferred biogeographic ancestry for ten reference samples with self-declared ancestry using the Miniplex and Snipper, and their associated likelihood ratios. The lowest and highest
likelihood ratios are presented to demonstrate the range of values obtained. Remaining likelihood ratios are given in Supplementary Table S5).
Sample Self-declared ancestry Snipper inferred ancestry Lowest and Highest Likelihood Ratio from Snipper
ACAD5 East Asian East Asian 9 times more likely EAS than OCE and 86.49 times more likely EAS than EUR
ACAD17 Native American Native American 1.14 times more likely AMR than EAS and 5,037,195 times more likely AMR than AFR
ACAD34 European European 531 times more likely EUR than AMR and 790,716,457 times more likely EUR than AFR
ACAD22 African African 15,073,563 times more likely AFR than OCE, and 1,772,315,995 times more likely AFR than EUR
ACAD35 East Asian East Asian 874 times more likely EAS than AMR and 2,533,050,134 times more likely EAS than AFR
ACAD8 European European 514,910 times more likely EUR than EAS, and 13,071,541 times more likely EUR than OCE
ACAD1 European European 514,910 times more likely EUR than EAS, and 13,071,541 times more likely EUR than OCE
ACAD32 European European 514,910 times more likely EUR than EAS, and 13,071,541 times more likely EUR than OCE
ACAD33 East Asian East Asian 52.21 times more likely EAS than AMR, and 889,526,628 times more likely EAS than AFR
ACAD29 European European 514,910 times more likely EUR than EAS, and 13,071,541 times more likely EUR than OCE
Fig. 2. PCA plot of ten reference samples with known (self-declared) ancestry (black
circles) and 402 population genotypes representing AFR (orange), EUR (blue), AMR
(grey), EAS (pink) and OCE (green) populations from the 1000 Genomes or HGDP-CEPH
datasets. Single coloured dots may represent> 1 population reference sample where
multiple individuals shared an identical five locus SNP genotype. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)
Table 3
Inferred eye colour, and their associated probabilities and AUC loss due to missing data
(i.e. SNPs not typed from the HIrisplex assay) for ten reference samples with known eye
colour using the Miniplex assay.
Sample Reported Eye Colour Inferred Eye Colour p-value AUC loss
ACAD5 Brown Brown 0.996 0.013
ACAD17 Brown Brown 0.974 0.013
ACAD34 Brown Brown 0.99 0.013
ACAD22 Brown Brown 0.996 0.013
ACAD35 Brown Brown 0.96 0.013
ACAD8 Blue Not Brown 0.973 0.018
ACAD1 Intermediate Not Brown 0.559 0.065
ACAD32 Intermediate Not Brown 0.973 0.018
ACAD33 Brown Brown 0.996 0.013
ACAD29 Blue Not Brown 0.973 0.018












We obtained all five Y-chr markers from five of the 11 known male
samples. Nine male samples produced between two and five Y-chr
markers and so were correctly predicted as male. Two male samples
could not be predicted correctly due to obtaining only one Y-chr
marker. These samples exhibited poor success with previous STR
typing, and had limited success with other SNPs typed in the Miniplex.
According to our criteria for sex prediction, all female samples were
correctly predicted. Female samples still displayed a peak for Y marker
M174.
4. Discussion
We have developed and tested a SNaPshot mini-multiplex assay that
provides a screening tool to help direct forensic investigations of un-
known human DNA samples. The Miniplex targets multiple mtDNA, Y-
chr and autosomal SNPs and one indel that provide an indication of
sample quality (mtDNA vs nuclear DNA, with an average amplicon
length of 91 bp); lineage marker haplogroup; biogeographical ancestry
(autosomal and maternal/paternal lineage); eye colour and sex to in-
form and tailor downstream processes for more detailed genetic ana-
lysis. The panel is intended as a rapid and cost effective presumptive
tool to provide an assessment of DNA quality and a broad biological
profile, prior to more detailed, and costly, genetic analyses.
Investigations involving degraded DNA, missing persons, war dead and
samples with STR profiles that do not match any existing database
could benefit from this panel.
For samples at and above the empirically determined sensitivity
threshold of 32 pg input DNA, we obtained 100% SNP typing success
where predicted biological profiles were consistent with self-declared
ancestry and phenotype. Additionally, SNP results were concordant
with MPS and Sanger sequencing results. The sensitivity of the Miniplex
assay is comparable to other SNaPshot assays used in forensic analysis
of degraded DNA where full profiles are able to be obtained from
samples down to 64 pg [5] and 31 pg of input DNA [23]. Taken to-
gether, these suggest that the Miniplex is both sensitive and accurate,
and could provide a useful new tool to triage degraded human samples.
The Miniplex is the only forensic multiplex that combines mtDNA,
autosomal DNA, and Y-chr markers in a single assay. As expected, due
to the higher copy number of mtDNA, the mitochondrial SNPs in this
panel outperformed the nuclear markers, with higher peak heights and
100% recovery for all samples. Attempts were made during optimisa-
tion to minimise the peak height imbalance however it will always be a
consideration for panels with large differences in target copy number,
such as mtDNA and nuclear DNA.
Unlike existing SNaPshot multiplexes that focus on a single biolo-
gical query (mtDNA, Y-chr, autosomes), the Miniplex provides a qua-
litative comparison of mtDNA and nuclear DNA preservation in a
sample to allow an assessment of DNA availability and degradation. As
is well known, the higher copy number and more robust structure of
mtDNA over nuclear DNA allows it to survive for longer post-mortem
intervals. A full mtDNA SNP profile with a partial nuclear SNP profile
indicates more advanced DNA degradation with limited availability of
short nuclear DNA fragments and a lower likelihood of STR-profiling
success (Fig. 3). This can help to inform downstream processing as to
whether mtDNA should be further interrogated as the focus (applicable
to the more degraded samples in this study). It may also help to decide
whether PCR-based STR typing will be unsuccessful and thus a sample
needs to be subjected to more specialised methods for target recovery
such as those involving short amplicon sequencing via MPS (e.g. [24]).
Biogeographic ancestry assignment is increasingly important in
challenging human identification cases, especially where anthro-
pological information is missing. Recent work has shown that small-
scale multiplexes of less than 35 SNPs can provide discrimination be-
tween continental-scale ancestral populations and identify admixture
[5,6]. Using only five of the most discriminatory SNPs from the Global
AIMs Nano set [5], the Miniplex correctly predicted the biogeographic
ancestry of samples with known ancestry. However, due to the limited
number of SNPs, two individuals originating from recently admixed
populations (ACAD5–South-East Asia and ACAD17–Central America)
had lower likelihood ratios. Both regions have been shown to contain
high levels of recent admixture [25,26] complicating biogeographic
ancestry prediction. Despite the low likelihood ratios obtained for some
Fig. 3. Miniplex nuclear SNP typing success (black bars) on a range of
degraded human teeth samples with varying DNA input amounts (red
line) and where previous STR success (grey bars) is known. MtDNA
SNP success not shown due to all samples returning complete mtDNA
SNP profiles. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
Table 4
Lineage marker results from degraded DNA from 23 buried human teeth samples using
five mtDNA and five Y-chr SNPs in the Miniplex. ‘na’ denotes samples for which a Y-chr
haplogroup was not assigned. ‘Not D, E, C, R, O’ denotes samples which did not fall into
any of the Miniplex Y haplogroups.
Sample Sex Inferred mtDNA haplogroup Inferred Y-chr haplogroup
401 Male R R
411 Female R na
412 Female R na
491 Female R na
4183 Male N na
4104 Male R R
4113 Female R na
4114 Female R na
4186 Female R na
4203 Male M na
4181 Male R Not D, E, C, R, O
441 Male R Not D, E, C, R, O
4178 Female R na
4120 Male M Not D, E, C, R, O
435 Female R na
409 Female R na
498 Male R R
402 Male R na
488 Female R na
415 Male R R
489 Female R na
496 Female R na
425 Male M na

















samples between East Asian, Oceanian and Native American ancestry
(ACAD5, ACAD17 and ACAD33), the five ancestry SNPs do provide
definitive ancestry exclusion. ACAD5, ACAD17 and ACAD33 are 86, 5
million and 889 million times more likely East Asian, Native American
and East Asian, respectively, than African, thus excluding African an-
cestry for all three individuals. Admixture remains a concern even for
SNaPshot panels with a larger number of SNPs, especially for popula-
tions that show reduced divergence (hence weaker pairwise differ-
entiation) due to recent shared history [6]. For example, a reduced
pairwise differentiation of individuals from East Asia/Oceania, as well
as East Asia/Native America has been demonstrated in previous panels
[5,6]. The inclusion of mtDNA and Y-chr haplogroup defining SNPs
provides one (females) or two (males) independent ancestry predictions
that may help to overcome the limitations of using only five autosomal
ancestry markers. As an additional consideration, the addition of mar-
kers discriminatory for particular regions of interest can be easily im-
plemented for adapting the panel for more specific questions of an-
cestry. For example, in an Australian context, the inclusion of markers
indicative of Australian Aboriginal ancestry (e.g. Y chromosome Hg K
and mtDNA Hg P or S) could be beneficial in the Miniplex to direct
investigations and screen for remains from Australia, particularly for
traditional Aboriginal Australian burials where restrictions on genetic
data is of importance.
The Miniplex Y-chr SNPs allowed prediction of sex in samples with
sufficient nuclear DNA and in no instance was sex predicted incorrectly.
Table 5
Snipper ancestry predictions and their associated likelihood ratios applied to degraded DNA from 23 buried human teeth, using five biogeographic ancestry SNPs in the Miniplex. The
lowest and highest likelihood ratios are presented to demonstrate the range of values obtained. Remaining likelihood ratios are given in Supplementary Table S6).
Sample Snipper inferred ancestry Lowest and Highest Likelihood Ratio from Snipper
401 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
411 European 18,085 times more likely EUR than OCE, and 353,615,244 times more likely EUR than AFR
412 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
491 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
4183 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
4104 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
4113 European 3646 times more likely EUR than OCE, and 236,834,750 times more likely EUR than EAS
4114 European 569 times more likely EUR than AMR, and 4, 825 times more likely EUR than AFR
4186 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
4203 European 47,364 times more likely EUR than AMR, and 222,694,403 times more likely EUR than AFR
4181 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
441 European 47,364 times more likely EUR than AMR, and 222,694,403 times more likely EUR than AFR
4178 European 652 times more likely EUR than AMR, and 237,042,214 times more likely EUR than AFR
4120 American 36.94 times more likely AMR than EAS, and 178, 762 times more likely AMR than AFR
435 European 572 times more likely EUR than AMR, and 222, 889, 346 times more likely EUR than AFR
409 European 47,364 times more likely EUR than AMR, and 222,694,403 times more likely EUR than AFR
498 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
402 NA Could not be classified
488 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
415 European 514,910 times more likely EUR than EAS, and 202,074,702 times more likely EUR than AFR
489 European 569 times more likely EUR than AMR, and 222, 889, 346 times more likely EUR than AFR
496 European 3555 times more likely EUR than OCE, and 53, 688 times more likely EUR than AMR
425 NA Could not be classified
Fig. 4. PCA plot of 21 degraded DNA samples (black circles) with 402 population gen-
otypes representing AFR (orange), EUR (blue), AMR (grey), EAS (pink) and OCE (green)
populations from 1000 Genomes or HGDP-CEPH datasets. Single coloured dots may re-
present> 1 population reference sample where multiple individuals shared an identical
five locus SNP genotype. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Table 6
Inferred eye colour for degraded DNA from 23 buried human teeth, using three phenotype
SNPs in the Miniplex and the HIrisplex webtool. ‘na’ denotes samples for which in-
sufficient SNPs were typed and AUC loss was too large to make a prediction.
Sample Inferred Eye Colour p-value AUC loss
401 Not Brown 0.973 0.018
411 Not Brown 0.907 0.018
412 Brown 0.704 0.013
491 Brown 0.704 0.013
4183 Brown 0.704 0.013
4104 Not Brown 0.973 0.018
4113 na na 0.416
4114 na na 0.416
4186 Brown 0.974 0.013
4203 Not Brown 0.973 0.018
4181 Brown 0.704 0.013
441 Not Brown 0.973 0.018
4178 na na 0.416
4120 Brown 0.996 0.013
435 Not Brown 0.559 0.065
409 Not Brown 0.970 0.083
498 Not Brown 0.973 0.018
402 Not Brown 0.970 0.1
488 Not Brown 0.973 0.018
415 Not Brown 0.970 0.083
489 na na na
496 na na 0.364
425 na na na












The presence of a peak for marker M174 in female samples is due to the
high level of homology of this locus in the ubiquitin-specific protease 9
(USP9) gene between the X and Y chromosome and has been observed
in a previous study [27]. This could not be overcome unless the am-
plicon was made much longer and therefore would be unsuitable for
degraded DNA. We considered replacing this locus with an alternative
SNP however this marker was judged as the most appropriate for the
indication of Y-haplogroup D. Thus, we ultimately decided to retain this
marker and account for the appearance of a peak in female samples in
our analysis.
Phenotype prediction with a limited number of SNPs is always going
to be challenging, as they are complex genetic traits determined by the
cumulative effect of many genes [28]. Hence for this panel we only
intended to distinguish between brown and non-brown eye colour. In-
termediate eye colour can be difficult to predict even with a much
larger number of SNPs [13,29,30], but is also subject to variable in-
terpretation by the observer. Given that the Miniplex is a presumptive
tool with a much smaller number of SNPs, this effect can be exacerbated
and as such we only aimed to distinguish between brown and not-
brown eye colour. Eye colour is less likely to change over a person’s
lifetime than hair colour, which can be affected by age and chemical
treatments, so is more informative for intelligence purposes. Despite
only using three eye colour SNPs from the HIrisplex panel, the Miniplex
was able to correctly predict the eye colour class (brown or not-brown)
for all ten reference samples with a high p-value and low AUC loss.
The Miniplex provided genetic information for a range of reference
and degraded DNA samples, including those that had limited or no
previous success with STR typing. This demonstrates the feasibility of
the panel as a tool that could not only be performed prior to STR typing
as an indicator of STR success, but as a complementary SNP typing tool
to obtain a broadly indicative biological profile, both of which may help
to inform downstream processing. Partial profiles were obtained from
samples that had previously exhibited poor STR success as anticipated,
whereas those which had high success with STR typing produced full
profiles, indicating that the Miniplex can be used as a measure of DNA
quality. As this panel is intended as a presumptive screening tool, we
recommend verifying biological profiles obtained using the Miniplex by
confirmatory testing.
5. Conclusion
This panel was designed to be an efficient and sensitive tool to cope
with highly degraded and low template DNA, a common concern when
analysing forensic samples. The assay also tests for the presence of short
endogenous DNA fragments as an indication for which methods will
likely be successful in analysing the sample. Measuring the quality and
presence of short DNA sequences to triage samples is a useful tool not
only in traditional forensic biological testing but more importantly to
allocate resources to samples in the present next-generation sequencing
era which can be a lengthy and expensive process, particularly for low-
throughput MPS laboratories. This panel has demonstrated promise for
use in identification investigations and uses conventional capillary
electrophoresis technologies that are already validated and optimised
for DNA analyses in forensic laboratories. Lastly, we present the only
tool developed for triaging forensic samples that combines mtDNA, Y-
chromosome and autosomal SNPs in a single, SNaPshot-based assay.
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Supplementary Table S3. DNA concentration of high-quality reference samples as measured by Qubit High Sensitivity 
assay 
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Massively parallel sequencing provides new opportunities to obtain genetic data for hundreds 
of loci in a single assay for various types of forensic testing. However, available 
commercial kits are based on an initial PCR amplification of short-to-medium sized targets 
which creates problems for highly degraded DNA. Development and optimisation of large 
PCR multiplexes also limits the ability to create custom panels that target different suites of 
markers for identity, biogeographic ancestry, phenotype and lineage markers (Y-chromosome 
and mtDNA). Hybridisation enrichment, an alternative approach to target enrichment prior to 
sequencing, uses biotinylated probes to bind to target DNA and has proven successful on 
degraded and ancient DNA. We developed a customisable hybridisation capture method, 
whereby the use of individually mixed baits allows the user the possibility to tailor target 
enrichment to specific questions of interest. To allow collection of forensic intelligence data, 
we assembled and tested a custom panel of hybridisation baits to examine biogeographic 
ancestry, phenotype and paternal lineage. We demonstrate the ability of this panel to infer 
biogeographic ancestry, hair and eye colour, and paternal lineage (and sex) on modern male 
and female samples with a range of self-declared ancestries and hair/eye colour 
combinations. The panel correctly estimated biogeographic ancestry in 9/12 samples (75%) 
but detected European admixture in three individuals from regions with admixed 
demographic history. Hair and eye colour were predicted correctly in 83% and 92% of 
samples respectively, where intermediate eye colour and blond hair were problematic to 
predict. Analysis of Y-chromosome SNPs correctly assigned sex and paternal haplogroups, 
the latter complementing and supporting biogeographic ancestry predictions. Overall, we 
demonstrate the utility of this hybridisation enrichment approach to forensic intelligence 
testing using a combined suite of biogeographic ancestry, phenotype and Y-chromosome 
SNPs for comprehensive biological profiling.  
 











The genotyping of single nucleotide polymorphisms (SNPs) is a useful alternative to 
complement conventional Short Tandem Repeat (STR) typing for problematic forensic 
samples. SNP genotyping has the advantages of targeting shorter DNA fragments than STR 
typing, and a broader range of biological information can be gathered (Budowle & van Daal 
2008). For example, SNPs demonstrating low population heterogeneity and a high degree of 
polymorphism are useful for informing individual identity in the same manner as STR typing 
(Musgrave-Brown et al. 2007). Conversely, ancestry informative SNPs have low 
heterozygosity and highly contrasting allele frequencies between populations, making them 
useful for predicting an individual’s biogeographic ancestry (Phillips 2015). SNP variation in 
pigmentation genes can also be useful for inferring external visible characteristics such as 
hair and eye colour (Walsh et al. 2014).  
 
Hybridisation enrichment combined with massively parallel sequencing (MPS) has been 
explored recently for forensic identification purposes targeting mitochondrial DNA (mtDNA) 
and nuclear SNPs (Templeton et al. 2013; Bose et al. 2018). These studies demonstrate the 
utility of this method for generating whole mitochondrial genomes and hundreds of SNPs 
from forensic samples. Commercial MPS panels using standard PCR-based target enrichment 
have also been developed to genotype many forensically relevant markers (de la Puente et al. 
2017; Meiklejohn et al. 2017; Xavier et al. 2017). However, these methods present a largely 
inflexible approach to SNP typing where targets are amplified and captured in pre-mixed 
multiplexes. 
 
Here we test a customisable hybridisation enrichment SNP panel for interrogation of 
biogeographic ancestry, phenotype and Y-chromosome (Y-chr) SNPs. This panel has the 
possibility of customisation of SNPs targeted by the use of individually mixed baits which 
can be prepared in any number and combination with minimal optimisation (some 
hybridisation enrichment panels target up to ten thousand SNPs; Soubrier et al. 2016) 
compared to multiplex PCP strategies which require extensive primer design and laboratory 
optimisation, making target customisation a complex task. The panel distinguishes between 
five continental population groups: Africa, Native America, East Asia, Europe and Oceania, 
allows sex determination and the prediction of hair and eye colour. For use in Australian 
forensic applications, this panel includes markers for differentiating Oceanian ancestry from 
other populations with the inclusion of biogeographic and Y-chr SNPs informative for 
Oceanian/Australian Aboriginal ancestry. The selection of the Y-chr SNPs provides a global 
 58 
coverage of major Y-chr haplogroups. It also provides further resolution of some Y-chr 
haplogroups which have distributions across multiple geographic regions, such as haplogroup 
C, E, O and R which can be found across Africa, Europe and Asia (Cruciani et al. 2007; van 
Oven et al. 2013; Underhill et al. 2014). The customisable hybridisation enrichment panel 
targets 124 SNP markers including: 67 biogeographic ancestry informative markers 
(including four tri-allelic markers), 23 phenotype markers from the HIrisPlex panel (with one 
SNP overlapping as a biogeographic ancestry SNP)(Walsh et al. 2014), and 35 Y-chr SNPs. 
This study forms an initial evaluation of the custom panel and assesses prediction accuracy 
on a set of modern human DNA samples with known biogeographic ancestry, phenotype and 
sex. This forensic assay has the potential to provide investigative leads for cases involving 
missing persons, historical human remains, and trace samples where DNA typing can be 
augmented with information regarding the physical appearance and biogeographic ancestry 
of the person from whom the sample originated. 
 
Materials and Methods 
 
SNP selection 
Initially we selected 53 autosomal SNPs included in two existing forensic panels - the 31 
biogeographic ancestry SNPs in the Global AIMs Nano (GNano) set (de la Puente et al. 
2016) and 23 of the 24 SNPs in the HIrisPlex (Walsh et al. 2014) panel for hair and eye 
colour prediction. The HIrisPlex N29insA indel was excluded and SNP rs16891982 is shared 
between the Global AIMs Nano and HIrisPlex panels. Subsequently we selected 22 
biogeographic ancestry SNPs, including two X-chromosome SNPs, from the PacifiPlex 
ancestry panel (Santos et al. 2016) (seven SNPs overlap with the GNano set), and 15 
biogeographic ancestry SNPs based on their appearance in other forensic ancestry panels, and 
with the highest remaining divergence values across continental groups from Phillips et al. 
(2014), Kosoy et al. (2008), Daya et al. (2013), and Daca-Roszak et al. (2016). Thirty-five 
Y-chromosome SNPs were selected from Karafet et al. (2008, 2010, 2015), Lao et al. (2010), 
van Oven et al. (2011, 2012, 2013b), Valverde et al. (2013), Park et al. (2013), and 
Hudjashov et al. (2007). The Y-chromosome SNPs were chosen to infer major worldwide 
macrohaplogroups, and additional SNP for dissecting Y-haplogroups with broad distributions 
(such as C, E, O and R) into sub-haplogroups with more restricted geographical affiliations 
(Figure 2). For application to questions of patrilineal lineage in Australia, further resolution 
of haplogroup C distinguishes between subgroups common across East Asia, South East Asia 
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and Oceania versus those specific to Australian Aboriginals (e.g. C-M347)(Hudjashov et al. 
2007; Zhong et al. 2010; van Oven et al. 2011; Taylor et al. 2012; Naitoh et al. 2013; 
Bergström et al. 2016). In total we selected 125 SNPs (67 ancestry; Table 1, 23 phenotype; 
Table 2, 35 Y-chr; Table 3, with one SNP shared between ancestry and phenotype). MtDNA 
SNPS were not targeted in this panel given our laboratory has previously developed a whole 
mtDNA hybridisation enrichment strategy in Templeton et al. (2013).  
 
Table 1. Details of the 67 biogeographic ancestry SNPs included in the hybridisation enrichment panel. Note that EUR 
informative SNP at rs16891982 is also included in the phenotype SNPs. Ancestry groups are: AFR-African, AMR-Native 
American, EAS=East Asian, EUR-European, OCE-Oceanian. Tri-allelic SNPs are ancestry informative but also serve to 
monitor for contamination from >1 DNA donor. 
 





rs2139931 1 84590527 OCE de la Puente et al. 2016/Santos et al. 2016 
rs2814778 1 159174683 AFR de la Puente et al. 2016 
rs4657449 1 165465281 EAS de la Puente et al. 2016 
rs12142199 1 1249187 EUR de la Puente et al. 2016 
rs12402499 1 101528954 AMR de la Puente et al. 2016 
rs647325 1 18170886 AMR Kosoy et al. 2008 
rs2184030 1 206667441 Tri-allelic Santos et al. 2016 
rs16830500 2 152814129 OCE Phillips et al. 2014 
rs3827760 2 109513601 EAS de la Puente et al. 2016/Santos et al. 2016 
rs10183022 2 237481969 OCE Santos et al. 2016 
rs820371 3 123404711 EUR Phillips et al. 2014 
rs6437783 3 108172817 EAS de la Puente et al. 2016 
rs9809818 3 71480566 OCE de la Puente et al. 2016/Santos et al. 2016 
rs12498138 3 121459589 AMR de la Puente et al. 2016 
rs4683510 3 140285115 EAS Santos et al. 2016 
rs7623065 3 22385375 OCE Santos et al. 2016 
rs10012227 4 18637315 AMR Phillips et al. 2014 
rs1229984 4 100239319 EAS de la Puente et al. 2016 
rs4540055 4 38803255 Tri-allelic de la Puente et al. 2016 
rs1509524 4 125455038 OCE Santos et al. 2016 
rs6875659 5 175158653 AFR Phillips et al. 2014 
rs16891982 5 33951693 EUR de la Puente et al. 2016/Walsh et al. 2014 
rs4704322 5 75822474 EAS Santos et al. 2016 
rs6886019 5 170245846 OCE Santos et al. 2016 
rs10455681 6 69802502 OCE Santos et al. 2016 
rs2080161 7 13331150 AMR de la Puente et al. 2016 
rs798949 7 120765954 OCE Santos et al. 2016 
rs1871534 8 145639681 AFR de la Puente et al. 2016 
rs2409722 8 11039816 OCE Santos et al. 2016 
rs7832008 8 98358246 OCE Santos et al. 2016 
rs2789823 9 136769888 AFR de la Puente et al. 2016 
rs10811102 9 1911291 OCE Santos et al. 2016 
rs10970986 9 32453278 OCE Santos et al. 2016 
rs16913918 9 3074359 EUR Daya et al. 2013 
rs7084970 10 119750413 EUR Phillips et al. 2014 
rs4749305 10 28391596 EUR de la Puente et al. 2016 
rs2274636 10 27443012 OCE Santos et al. 2016 
rs174570 11 61597212 AMR Phillips et al. 2014 
rs3751050 11 9091244 OCE de la Puente et al. 2016/Santos et al. 2016 
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rs5030240 11 32424389 Tri-allelic de la Puente et al. 2016 
rs1924381 13 72321856 EUR Phillips et al. 2014 
rs9522149 13 111827167 EUR de la Puente et al. 2016 
rs721367 13 95546650 EAS Santos et al. 2016 
rs730570 14 101142890 EUR Phillips et al. 2014 
rs7151991 14 32635572 AMR Phillips et al. 2014 
rs10483251 14 21671277 AMR de la Puente et al. 2016 
rs12434466 14 97324289 EAS Santos et al. 2016 
rs1834640 15 48392165 EUR Daca-Roszak et al. 2016 
rs12594144 15 64161351 EAS de la Puente et al. 2016 
rs1426654 15 48426484 EUR de la Puente et al. 2016 
rs3784651 15 94925273 OCE Santos et al. 2016 
rs6494411 15 63835861 EAS Santos et al. 2016 
rs881929 16 31079371 EAS Phillips et al. 2014 
rs17822931 16 48258198 EAS de la Puente et al. 2016 
rs16946159 16 48459558 OCE Santos et al. 2016 
rs4792928 17 42105174 AMR de la Puente et al. 2016 
rs8072587 17 19211073 EUR de la Puente et al. 2016 
rs9908046 17 53563782 OCE de la Puente et al. 2016/Santos et al. 2016 
rs1369290 18 67691520 AFR Phillips et al. 2014 
rs310644 20 62159504 AFR Phillips et al. 2014 
rs2069945 20 33761837 Tri-allelic de la Puente et al. 2016/Santos et al. 2016 
rs6054465 20 6673018 OCE de la Puente et al. 2016/Santos et al. 2016 
rs715605 22 30640308 OCE de la Puente et al. 2016 
rs1557553 22 44760984 AMR de la Puente et al. 2016 
rs8137373 22 41729216 AMR de la Puente et al. 2016 
rs4892491 X 73422412 EAS Santos et al. 2016 




Table 2. Details of the 23 phenotype (hair and eye colour) SNPs included in the hybridisation enrichment panel. Note that 
the SNP at rs16891982 is also included in the ancestry SNPs. 
 
rs Number Chr. Position 
(GRCh37/hg19) 
Reference 
rs16891982 5 33951693 de la Puente et al. 2016/ Walsh et al. 2014 
rs28777 5 33958959 Walsh et al. 2014 
rs4959270 6 457748 Walsh et al. 2014 
rs12203592 6 396321 Walsh et al. 2014 
rs683 9 12709305 Walsh et al. 2014 
rs1042602 11 88911696 Walsh et al. 2014 
rs1393350 11 89011046 Walsh et al. 2014 
rs12821256 12 89328335 Walsh et al. 2014 
rs2402130 14 92801203 Walsh et al. 2014 
rs12896399 14 92773663 Walsh et al. 2014 
rs12913832 15 28365618 Walsh et al. 2014 
rs1800407 15 28230318 Walsh et al. 2014 
rs1805005 16 89985844 Walsh et al. 2014 
rs1805006 16 89985918 Walsh et al. 2014 
rs2228479 16 89985940 Walsh et al. 2014 
rs11547464 16 89986091 Walsh et al. 2014 
rs1805007 16 89986117 Walsh et al. 2014 
rs201326893 16 89986122 Walsh et al. 2014 
rs1110400 16 89986130 Walsh et al. 2014 
rs1805008 16 89986144 Walsh et al. 2014 
rs885479 16 89986154 Walsh et al. 2014 
rs1805009 16 89986546 Walsh et al. 2014 





Table 3. Details of the 35 Y-chromosome SNPs included in the hybridisation enrichment panel. P203 (also known as M307) 
is informative for both O and I haplogroups as described in ISOGG 2018 v 13.256 and Karafet et al. (2008). Haplogroup is 
defined by diagnostic SNP. 
 




Y-chr haplogroup Reference 
rs2032595 (M168) 14813991 CDEF-M168 Valverde et al. 2013 
rs3848982 (M145) 21717208 DE-M145 Valverde et al. 2013 
rs2032602 (M174) 14954280 D-M174  Lao et al. 2010 
rs371443469 (V36)  6814246 E-V36 van Oven et al. 2013 
rs9306841 (M96) 21778998 E-M96 van Oven et al. 2011 
rs9786025 (P170) 15021522 E-P170 Valverde et al. 2013 
rs2032666 (M216) 15437564 C-M216 van Oven et al. 2011 
rs35284970 (M130) 2734854 C-M130 Valverde et al. 2013 
rs2032668 (M217) 15437333 C-M217 Park et al. 2013 
rs868363758 (M347) 2877479 C-M347 Hudjasov et al. 2007 
rs9786706 (U13) 14698928 G-U13 van Oven et al. 2013 
rs2032636 (M201) 15027529 G-M201 Valverde et al. 2013 
rs13447371 (M282) 21764431 H-M282 van Oven et al. 2011 
rs2032673 (M69) 21894058 H-M69 Valverde et al. 2013 
rs17250163 (P126) 21225770 IJ-P126 Valverde et al. 2013 
rs9341301 (M258) 15023364 I-M258 Valverde et al. 2013 
rs13447352 (M304) 22749853 J-M304 van Oven et al. 2011 
rs9341313 (M267) 22741818 J-M267 van Oven et al. 2013 
rs3900 (M9) 21730257 KLT-M9 Valverde et al. 2013 
rs3902 (M11) 21730647 L-M11 Valverde et al. 2013 
rs9341308 (M272) 22738775 T-M272 Valverde et al. 2013 
rs2033003 (M526) 23550924 K-M526 van Oven et al. 2011 
n/a (P308) 15409573 S-P308 Karafet et al. 2015 
n/a (P256) 8685230 M-P256 Karafet et al. 2008 
rs2032631 (M45) 21867787 P-M45 Valverde et al. 2013 
rs8179021 (M242) 15018582 Q-M242 Valverde et al. 2013 
rs2032658 (M207) 15581983 R-M207 Valverde et al. 2013 
rs17250535 (M420) 23473201 R-M420 van Oven et al. 2013 
rs9786184 (M343) 2887824 R-M343 van Oven et al. 2013 
rs9786153 (M269) 22739367 R-M269 van Oven et al. 2013 
rs9786140 (M412) 8502236 R-M412 van Oven et al. 2011 
rs9341278 (M231) 15469724 N-M231 Valverde et al. 2013 
rs13447361 (M324) 2821786 O-M324 van Oven et al. 2012 
rs11575897 (M176) 2655180 O-M176 van Oven et al. 2012 




Single-stranded DNA bait sequence design was performed using the Integrated DNA 
Technologies (IDT) Target Capture Probe Design Tool (https://sg.idtdna.com/site/order/ngs) 
with probe length set to 120 bp and tiling density at 1x. Bait sequences were searched against 
the NCBI database using Blast to ensure baits were homologous only to the desired SNP 
location in the human genome. Sequences with more than one hit were redesigned by moving 
the start and finish positions. We could not design a unique 120-mer bait around one SNP 
(rs12405776 from the PacifiPlex panel) and so this SNP was excluded. As GC content has 
been shown to influence the performance of baits (Tewhey et al. 2009; Aird et al. 2011; 
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Dabney & Meyer 2012), we aimed for a GC content of 40 – 60 %. Minor adjustments in the 
start and finish positions of the bait sequences were made to aid improve GC content, 
however the final GC content varied from 26.7 – 68.3 %. Three (rs1805005, rs1805006, 
rs2228479) and six (rs11547464, rs1805007, rs201326893, rs1110400, rs1805008 and 
rs885479) phenotype SNPs from the HIrisPlex panel occur in short (97 and 64 bp, 
respectively) genomic segments, so we designed single baits that included these linked 
markers. Thus, the final 124 SNP set was covered by a total of 117 baits (Supplementary 
Table S1, S2, S3). Baits were synthesised as single-tiled 5’ biotinylated 120-mer DNA 
oligonucleotides (xGen Lockdown Probes) by IDT and rehydrated to a concentration of 1mM 
in 1xTE buffer. The final bait pool was created by combining the individual baits at a final 
concentration of 100 aM/uL per bait in 1xTE buffer. 
 
Reference population differentiation analysis 
To assess the population differentiation power of the 67 ancestry-informative SNP markers in 
the hybridisation panel, Shannon’s Divergence values were calculated from a reference 
population set comprising genotypes from 368 individuals from African (AFR, n = 99), East 
Asian (EAS, n = 89), European (EUR, n = 88), Native American (AMR, n = 64), and 
Oceanian (OCE, n = 28) populations (see Supplementary File S4). Values were produced for 
each SNP using the Bayesian classifier Snipper portal ‘cross-validation’ analysis 
(mathgene.usc.es/snipper/) from comparisons of one population against all others (e.g. AFR 
vs all non-AFR populations), and for pairwise population analyses. Shannon’s Divergence 
values were converted to the Rosenberg’s ‘informativeness for assignment’ statistic (In) by 
multiplication with 0.693 (Rosenberg et al. 2003). Final population-specific divergence 
(PSD) values for each ancestral population group was obtained from the cumulative 
divergence (In) values. The Snipper portal was also used for cross-validating reference 
population data for ancestry assignment accuracy. STRUCTURE (with no POPFLAG) was 
also applied to the reference population dataset in Supplementary File S4 to further assess the 
population differentiation power of the 67 SNPs in the enrichment panel. 
To assess the reference population differentiation of the 67 SNPs in the custom panel in 
comparison to current SNaPshot SNP-typing technology recently implemented in our 
laboratory, an evaluation against the Global AIMs Nano set (31 SNPs) was conducted (de la 
Puente et al. 2016). PCA analysis was applied to the same reference population dataset 




Test Samples and DNA extractions 
High quality DNA was obtained via buccal swabs collected from twelve human donors with 
informed consent in accordance with ethics approval from the University of Adelaide Human 
Research and Ethics Committee (H-2016-218). Donors had a range of self-declared 
biogeographic ancestry (Europe, Africa, Native America, East Asia), sex, and included 
people with varying combinations of blue, intermediate and brown eyes and brown, black, 
red and blond hair (Table 4). No samples from donors with Oceanian ancestry were available. 
Table 4. DNA samples used in this study with a range of self-declared biogeographic ancestry, sex, and reported hair and 
eye colour. 
Sample Sex Self-declared 
ancestry 




S5 Male European Western Europe Brown Brown 
S12 Male East Asian South-East Asia Black Brown 
S2 Male Native American Central America Brown Brown 
S3 Male African Sub-Saharan Africa Black Brown 
S6 Male European Western Europe Blond Blue 
S9 Male African North Africa Black Brown 
S1 Female European Western Europe Red Blue 
S4 Female European Western Europe Blond Blue 
S7 Female European Western Europe Red Intermediate 
S8 Female East Asian Mainland East Asia Black Brown 
S10 Female Native American Central America Brown Brown 
S11 Female European Western Europe Blonde Intermediate 
 
Buccal swabs on FTA card were extracted from a ~5 mm2 punch for each sample (and an 
extraction blank) using the QIAmp DNA Mini Kit (Qiagen, Hagen, Germany) following the 
manufacturer’s instructions in a final volume of 150 uL. DNA extracts were mechanically 
fragmented for library preparation using a Covaris S220 Focused-ultrasonicator (Covaris) to 
~150 bp following the manufacturer’s instructions. Sheared DNA was purified and 
concentrated to 21 uL using 1.2x volume of Agencourt AMpure XP beads (Beckman-
Coulter) according to manufacturer’s instructions and then quantified using the Qubit 
fluorometer double-stranded High Sensitivity assay (Life Technologies). 
 
Library preparation  
Twenty microlitres of fragmented genomic DNA from each sample (21 - 95 ng total) was 
converted into double-stranded Illumina libraries, using truncated Illumina P5 and P7 
adapters with dual 7-mer internal barcodes, following the protocol of Meyer et al. (2010) 
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with minor modifications described by Llamas et al. (2016). Fragment size distribution and 
DNA concentration were measured on a 2.5% agarose gel against Hyperladder IV (Bioline) 
and using a Qubit double-stranded DNA High Sensitivity assay (Thermo Fisher). 
 
Hybridisation enrichment and sequencing 
Hybridisation enrichment was conducted according to the IDT ‘Hybridisation capture of 
DNA libraries using xGen Lockdown Probes and Reagents, v1’ with slight modification as 
follows (Figure 1). Samples were prepared by combining 197-311 ng of barcoded DNA 
library with 2.5 µg Human Cot1 DNA (Invitrogen), 2.5 µg Salmon Sperm DNA (Invitrogen), 
25 pmol of blocking RNA oligonucleotides (matching the sequence of the truncated Illumina 
P5 and P7 adapters), and 20 U of SUPERase-In (Ambion). The samples were then dried 
using a CentriVap Vacuum Concentrator (LABCONCO) at 45°C ~ 30 min. The library DNA 
was rehydrated in a final volume of 17 µL containing 8.5 uL xGen 2x Hybridisation Buffer, 
2.7 uL xGen Hybridisation Buffer Enhancer, 1.8 uL dH20, and 4 µL of custom bait pool then 
denatured at 95°C for 10 min. A step-down hybridisation reaction over 40 hrs was used with 
5 hrs at 65°C, 5 hrs at 60°C, and 30 hrs at 55°C.  
 
For each hybridisation reaction, 30 μL of Dynabeads® MyOne Streptavidin C1 (Life 
Technologies) was washed twice with 200 uL of xGen 1X Bead Wash Buffer (IDT) at room 
temperature. The entire hybridisation reaction was transferred to the beads and incubated at 
55°C for 45 min (with vortexing every 10 min) to allow binding of the biotin to the 
streptavidin. The bead-hybridised DNA complex was then washed at 65°C with 100 uL of 
1X Wash Buffer 1 (IDT) for 2 min, followed by two washes with 200 uL of 1X Stringent 
Wash Buffer (IDT) at 65°C for 5 min. A series of RT washes were then performed using 200 
μL of 1X Wash Buffer 1 (IDT) for 2 min, once with 200 μL of 1X Wash Buffer 2 (IDT) for 1 
min and once with 200 μL of 1X Wash Buffer 3 (IDT) for 30 sec. 
 
After the last wash, beads were resuspended in 16 uL of 10mM Tris (pH8.0) + 0.05% Tween-
20. Each enriched library was amplified in five 25 μL reactions containing 1× AmpliTaq 
Gold buffer, 2.5 mM MgCl2, 250 μM of each dNTP, 0.01 U AmpliTaq Gold (Applied 
Biosystems), 0.5 μM of primers IS7 and IS8 (Meyer & Kircher 2010) and 3 uL of enriched 
DNA. Thermocycling was completed at 94°C for 12 min, followed by 14 cycles of 30 s at 
94°C, 30 s at 60°C and 45 s at 72°C, followed by a final extension of 10 min at 72°C. 
Amplification replicates for each sample were pooled and purified using Agencourt AMpure 
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XP beads (Beckman-Coulter) at 1.2x volume and eluted in 30 uL EB Buffer + 0.05% Tween-
20 (Qiagen). 
Enriched libraries were then taken through a second round of enrichment using the same 
protocol above to produce double-enriched DNA libraries. Previous optimisation experiments 
(data not shown) and the prior development of a mtDNA genome hybridisation enrichment 
technique within our laboratory has demonstrated improved enrichment of targets when using 
two rounds of enrichment versus one round (Templeton et al. 2013). A final PCR 
amplification using full-length 7-mer indexed Illumina adapters was performed as described 
in Meyer & Kircher 2010. Library fragment size distribution and concentration were 
measured using a Bioanalyzer 2100 (Agilent Technologies) following the manufacturer’s 
instructions. Samples were pooled equimolar for a final concentration of 5 nmol/L prior to 
sequencing on an Illumina MiSeq at the Australian Genome Research Facility (AGRF) using 














































Figure 1. Workflow for the hybridisation enrichment and sequencing process 
 
Data analysis 
Following sequencing, reads were filtered according to standard Illumina protocol at AGRF 
to remove low-quality clusters, de-multiplex by index and Illumina indices were trimmed. 
Raw Illumina reads were subsequently processed using the PaleoMix v1.0.1 pipeline 
(Schubert et al. 2014). Sequences were de-multiplexed for specific samples using the dual 
P5/P7 internal barcodes. Adapter removal V2 (Lindgreen 2012) was used to trim adapters, 
merge paired reads and eliminate all reads shorter than 25 bp long. Collapsed reads were then 
mapped to the Human Genome GRCh37/hg19 using BWA v0.6.2 (Li & Durbin 2009). 
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Minimum mapping quality was set to 25 and seeding was disabled. PCR duplicates (mapped 
reads that start and finish at the same location) were removed to retain only unique reads for 
genotype calling. SNPs were then called using SAMTools mpileup/bcftools to generate a vcf 
file. Genotypes for the SNPs of interest were then isolated via interrogation against a custom 
BED file containing the genomic coordinates of targeted SNP loci. 
 
Biogeographic ancestry prediction 
For assignment of biogeographic ancestry, the 67 ancestry informative SNPs from each 
sample genotype were compared to a reference population set comprising genotypes from 
368 individuals from African (AFR, n = 99), East Asian (EAS, n = 89), European (EUR, n = 
88), Native American (AMR, n = 64), and Oceanian (OCE, n = 28) populations (Table 5). 
Reference population genotypes were obtained from the 1000 Genomes Phase II (The 1000 
Genomes Project Consortium 2015) and Stanford University HGDP-CEPH (Cann et al. 
2002) datasets (Supplementary File S4). Ancestry assignment was performed using Snipper 
(mathgene.usc.es/snipper/), with Hardy-Weinberg principle applied. Likelihood ratios (LR) 
for ancestry classifications were used for direct ancestry estimation, and principle component 
analysis (PCA) was performed in RStudio (v1.1.442) with the SNPassoc package to visually 
summarise the genetic differences and similarities of the sample genotypes to the reference 
populations (Gonzalez et al. 2007). 
 
Table 5. Populations used as a reference population set for ancestry informative SNPs. AFR: African, AMR: Native 
American, EAS: East Asian, EUR: Europe, OCE: Oceanian. 
 
Population N Data Source Description 
AFR 99 1000 Genomes ESN: Esan in Nigeria 
AMR 64 HGDP-CEPH 22 from Brazil, 35 from Mexico, 7 from Colombia 
EAS 89 1000 Genomes JPT: Japanese in Tokyo 
EUR 88 1000 Genomes GBR: British in England and Scotland 
OCE 28 HGDP-CEPH 17 from New Guinea & 11 from Bougainville 
 
Genetic ancestry for each sample was further assessed by applying the admixture model to 
the ancestry SNP data in STRUCTURE v.2.3.4 (Porras-Hurtado et al. 2013). The reference 
population set described above was used for population membership analysis of the twelve 
test samples in STRUCTURE. The number of clusters (K) considered in the analysis ranged 
from 2 - 7. Only results for K=5 are presented as it was identified as the optimal K value 
from STRUCTURE HARVESTER (Earl & vonHoldt 2012). Analyses with STRUCTURE 
were performed using the following parameters: five iterations of 100,000 burnin steps and 
100,000 MCMC steps, correlated allele frequencies under the Admixture model (including 
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POPFLAG). POPFLAG uses the population of origin details (specified by the user for 
reference population samples; POPFLAG = 1) to help infer the ancestry of test samples 
(POPFLAG = 0) with unknown origin based on allele frequencies. Estimated cluster 
membership coefficients from STRUCTURE analysis were used to construct population 
membership bar plots with CLUMPAK v.1.1 (Kopelman et al. 2015) for visualisation. 
 
Phenotype prediction 
The 23 phenotype SNPs were used to predict hair and eye colour using the prediction model 
from the HIrisPlex Eye and Hair Colour DNA Phenotyping Webtool 
(hirisplex.erasmusmc.nl) outlined by Walsh et al. (2014). SNPs were entered into the 
interface to generate probabilities of belonging to a particular phenotypic class for hair and 
eye colour, along with a ‘loss in accuracy of prediction’ (AUC) value for any missing SNPs 
using a multinomial logistic regression model.  
 
For eye colour, the current prediction framework specified in Walsh et al. (2014) states that 
the highest p-value indicates most likely eye colour. However, for hair colour, current 
interpretation guidelines combine the highest p-value approach in conjunction with a step-
wise model taking into account the shade probability values (i.e. light or dark) to infer ‘most 
probable hair colour’ (see Supplementary Figure 2 in Walsh et al. 2014).  
 
Sex, Y Chromosome haplogroup and paternal geographic ancestry 
The 35 Y-chr SNP profile generated was used to identify the sex of individuals (females = 
ancestry and phenotype SNPs but no Y-chr SNPs; males = ancestry, phenotype and Y-chr 
SNPs), and define the Y haplogroup for each male individual according to diagnostic 
ancestral and derived SNPs in PhyloTree (ISOGG 2018 v 13.256), Valverde et al. (2013) and 
Karafet et al. (2015). SNPs were checked for phylogenetic sense (i.e. no conflicting 
haplogroup assignments). Geographical affiliation (Figure 2) was assigned based on the 
classifications and frequencies in previous studies (Lao et al. 2010; van Oven et al. 2011; 
Park et al. 2013; Valverde et al. 2013; Karafet et al. 2015; Nagle et al. 2015). 
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Figure 2. Simplified phylogenetic tree of the 35 Y-chr SNPs included in the custom hybridisation enrichment panel, 
haplogroups that can be inferred from them, and the main geographical distribution of the haplogroups. Additional SNPs in 
haplogroups E, C, J, R and O were chosen to distinguish between sub-haplogroups. 
 
Quality control 
Extraction blanks were included in each extraction batch. No-template controls during library 
preparation were included in each experiment (including during library preparation and 
hybridisation enrichment). All controls were included to monitor potential contamination 
from exogenous human DNA sources and cross-contamination from other samples. All work 
prior to library amplification (and before enrichment reactions) was conducted in a 
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Population differentiation of the 67 biogeographic ancestry SNPs in the custom enrichment 
panel 
‘One-against-others’ comparisons of reference population group data produced cumulative 
PSD values shown in Table 6. Further details for the divergence values for each SNP are 
given in Supplementary Table S5. 
Table 6. One-against-others population-specific Divergence (PSD) values for each of the five 
reference population groups used for assessing the population differentiation capabilities of the 
custom enrichment panel. 
Population Cumulative PSD 





This analysis indicated that the divergence values of EAS, EUR and AMR population groups 
were lower than the average of 8.43. The highest PSD value belonged to the AFR group. 
Cross-validation of reference population data showed 100% success for ancestry assignment 
when using this SNP set across all population groups. Pairwise comparisons indicated 
populations with the lowest differentiation were EAS from AMR (6.70) and OCE (11.13) 
populations (Figure 3), supported by the lower divergence values for EAS-informative SNPs 
(Supplementary Table S5). 
Figure 3. Cumulative In values for pairwise population comparisons using 67 biogeographic ancestry SNPs in the custom 















STRUCTURE analysis of the reference population data (with no POPFLAG) produced a 
pattern consistent with five distinct genetic clusters matching the known origin of the 
reference population samples (Figure 4). Further results from STRUCTURE HARVESTER 
indicated K=5 produced optimal results using the reference population groups specified 
previously (Supplementary File S4) as differentiated by the ancestry-informative SNPs in the 
custom panel.  
Figure 4. STRUCTURE analysis for reference population data used in this study (optimum clusters as K=5). AFR: African, 
AMR: Native America, EAS, East Asian, EUR: European, OCE: Oceanian 
PCA analyses of the custom enrichment panel against the previously developed Global AIMs 
Nano set shown in Figure 5 indicate improved separation of all five populations from one 
another. Further evidence is provided by PC2 vs. PC3, where no sets of points from the 














































Figure 5. PCA analyses of the 67 biogeographic ancestry SNPs in the custom enrichment panel compared to 31 SNPs in the 
Global AIMs Nano set for 368 reference population samples (tri-allelic SNPs are not included in analyses). PC: principal 
component; AFR: African; EUR: European; EAS: East Asian; OCE: Oceanian; AMR: Native American 
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Sequencing performance of the custom enrichment panel 
All 124 SNPs were retrieved from all male samples, and all 89 biogeographic ancestry and 
phenotype SNPs were recovered from all female samples. With PCR duplicates removed, the 
average read depth per SNP was 549 ± 278 (Table 7), with a maximum and minimum read 
depth per SNP of 205-1480 and 51- 623, respectively. The negative control did not recover 
any reads for any of the SNP markers. 
Table 7. Read depth of coverage for 124 SNPs for each of the male samples, and 89 SNPs for females (no Y-chr SNPs). 
Read depth is reported after PCR duplicate removal (i.e.unique reads only). Average read depth includes haploid markers 
that show a reduced depth in comparison to autosomal markers. 






No. of Retained 
Reads 
S5 M 66 799 491 499,833 
S12 M 72 863 374 492,835 
S2 F 532 1290 906 435,675 
S3 M 61 327 220 964,251 
S6 M 116 1097 735 769,257 
S9 F 134 396 240 647,569 
S1 M 51 205 146 988,949 
S4 F 623 1137 855 912,001 
S7 F 593 984 776 711,223 
S8 M 102 1480 796 761,713 
S10 F 508 844 669 709,279 
S11 F 303 678 499 517,490 
      
   Average 549 (±278) 700,840 (±189,733) 
 
The read depth data reported includes coverage for 35 haploid Y-chr markers and two 
haploid X SNPs (for males) where they are, as expected, noticeably lower than that for 
autosomal and diploid X SNPs in females (average depth of coverage for Y-chr SNPs is 81-
316 versus 420-779 for diploid autosomal SNPs and two X SNPs). The two haploid X SNPs 
in males gave an average depth of coverage similar to other haploid Y-chr SNPs, whereas the 
diploid version in females were similar to the autosomal markers (Figure 6). The probes were 
able to retrieve on average a >500x read depth of coverage for the majority (88%) of 
biogeographic ancestry and phenotype SNPs, and >200x for the majority (86%) of Y-chr 
SNPs (Figure 6). Overall, the SNP exhibiting the lowest average depth of coverage resides on 




Figure 6. Mean read depth of coverage across 12 samples (six males and six females) for 87 autosomal SNPs (A), and sex 
chromosome SNPs (two X chromosome SNPs for all 12 samples [rs1115657 and rs4892491], and 35 Y-chr SNPs for six 
male samples) (B) (in order of increasing coverage). Error bars represent standard deviation. See Supplementary File S6 and 
S7 for depth of coverage details of each of the SNPs. (M) = Male, blue; (F) = Female, pink. 
Biogeographic ancestry assignment 
All 67 biogeographic ancestry SNPs were obtained from all twelve test samples. All but three 
samples had biogeographic ancestry predictions concordant with self-declared ancestry in 
Snipper (Table 8). Samples which had predictions inconsistent with self-declared ancestry 
were two individuals with self-declared Native American ancestry (both born in Central 
America) predicted to have European ancestry, and one individual with self-declared African 
ancestry (born in North Africa) predicted to have European ancestry. All likelihood ratios 
were at least 1 billion times more likely one population over any of the other four 





Table 8. Inferred biogeographic ancestry for 12 sam
ples w
ith self-declared ancestry and their associated likelihood ratios using Snipper. The low
est and highest likelihood ratios are presented to 
dem
onstrate the range of values obtained. Rem
aining likelihood ratios are given in Supplem
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The PCA plot (Figure 7) based on the biogeographic ancestry SNPs for the 12 test samples 
and 368 population sample genotypes shows clear clustering of the European samples with 
the EUR reference dataset. Of the two East Asian samples, one clustered on the EAS 
reference dataset (S8), with the other clustering in the AMR group (S12) despite a Snipper 
prediction of EAS ancestry with a high likelihood. S10 (self-declared Native American), 
clustered with the EUR reference population, supported by the Snipper prediction, whereas 
S2 (self-declared Native American) sits outside the EUR population in the direction of the 
AMR group. S9 (self-declared African ancestry) also sits outside the EUR population in the 




































Figure 7. PCA plot of twelve test samples with known (self-declared) ancestry (black circles) and 368 population genotypes 
representing AFR (blue), EUR (orange), AMR (magenta), EAS (green) and OCE (purple) populations from the 1000 
Genomes or HGDP-CEPH datasets. Remaining components are plotted in Supplementary File S9. 
Further analysis in STRUCTURE against the same 368 reference population samples show 
the varying ancestry components in the self-declared samples and was consistent with results 





























from Snipper and PCA. The admixture bar plot visualised in CLUMPAK shows the 
estimated cluster membership coefficients produced from STRUCTURE analysis for each of 
the twelve samples (Figure 8), with further details provided in Table 9. Three samples were 
shown to have the major ancestry component inconsistent with self-declared ancestry, 
namely two Native American samples both predicted to have 64.7% and 89.1% EUR 
ancestry membership, with the AMR component as 29.7% and 9.4%. One North African 
sample was also shown to have 70.8% EUR ancestry membership, with 26.5% membership 
to AFR. The remaining nine samples produced a major ancestry component consistent with 







Figure 8. Visualised STRUCTURE analysis of biogeographic ancestry components in twelve test samples with self-declared 




























Table 9. Population membership proportions for twelve test samples with self-declared biogeographic ancestry. Grey 
shading indicates major ancestry component consistent with self-declared ancestry. Red shading indicates a major ancestry 
component inconsistent with self-declared ancestry. 
Sample Self-declared 
ancestry 
Region % AFR % AMR % EAS % EUR % OCE 
S5 European Western Europe 5.1 0.3 0.3 92.8 1.5 
S12 East Asian South-East Asia 0.7 17.8 61.9 16.4 3.2 
S2 Native American Central America 0.2 29.7 4.8 64.7 0.4 
S3 African Sub-Saharan Africa 98.6 0.3 0.1 1 0.1 
S6 European Western Europe 0.1 0.1 0.2 99.5 0.1 
S9 African North Africa 26.5 0.1 2.0 70.8 0.6 
S1 European Western Europe 0.8 0.3 0.6 95.9 2.4 
S4 European Western Europe 2.1 14.5 0.1 83.2 0.1 
S7 European Western Europe 3.5 7.0 0.5 87.2 1.9 
S8 East Asian Mainland East Asia 0.7 16.8 82.0 0.1 0.3 
S10 Native American Central America 0.5 9.4 0.9 89.1 0.1 
S11 European Western Europe 0.7 1.3 1.6 94.8 1.6 
 
Three samples showing major ancestry components inconsistent with self-declared ancestry 
were plotted on a PCA (Figure 9A) along with four admixed population groups originating 
from relevant regions of the self-declared samples in order to better assess the possibility of 
ancestry admixture influencing the results (Table 10).  
Table 10. Population groups used as admixed test populations set for testing ancestry admixture using ancestry informative 
SNPs in the custom enrichment panel. Sample details and genotypes can be found in Supplementary File S10. 
Population N Data Source Description 
ALG 29 HGDP Mozabite from Algeria 
ASW 61 1000 Genomes Americans of African ancestry in SW USA 
MXL 64 1000 Genomes Mexican ancestry from Los Angeles 
PUR 55 1000 Genomes Puerto Ricans from Puerto Rico 
Further analysis in STRUCTURE of the three samples and four admixed population groups 
against the same 368 reference population dataset show that the ancestry membership 
proportions of the study samples fall within the variation for the relevant admixed population 
groups (i.e. MXL and PUR for Native American samples S2 and S10 and ALG and ASW for 
S9). The admixture bar plot visualised in CLUMPAK shows the estimated cluster 
membership coefficients produced from the three test samples and four admixed population 
groups (Figure 9B). STRUCTURE results were broadly consistent with PCA and indicate 















Figure 9. Ancestry analysis of three samples with major ancestry components inconsistent with self-declared ancestry, and 
four admixed populations (ALG. ASW, MXL, PUR) against five reference populations. (A) PCA plot of samples (black 
circles), two admixed AFR population groups (ALG: green, ASW: dark blue), two AMR admixed population groups (MXL: 
yellow, PUR: red), and 368 reference population genotypes. OCE and EAS clusters are greyed out for visual aid. (B) 
STRUCTURE analysis of three samples (in order of S2, S9, S10), and admixed test populations ALG, ASW, MXL and 
PUR.  










































All 23 phenotype SNPs were obtained from all 12 test samples. The HIrisPlex Eye and Hair 
Colour DNA Phenotyping Webtool correctly predicted eye colour for reported brown and 
blue eye colours, however incorrectly predicted the intermediate eye colour samples as either 
blue (S7) or brown (S11) (Table 11). Overall, eye colour was predicted accurately for ten 
(83%) samples. For hair colour, using the combined ‘highest p-value approach’ and step-wise 
model incorporating light or dark shade probability thresholds, predictions were consistent 
with reported hair colour for eleven samples (92%). One sample (S11) reported as blond, was 
incorrectly predicted as having brown hair with a light shade (Table 11).  
 
Table 11. Inferred eye colour, most probable hair colour, and associated probabilities for twelve samples with known hair 
and eye colour using the HIrisPlex SNPs in the custom enrichment panel. D-Brown = Dark Brown; D-blond = Dark Blond. 
 
Sample 
SELF-DECLARED INFERRED PREDICTIONS 
Eye Colour Hair Colour Eye Colour   (p-value) 
Hair Colour 
(p-value) 




S5 Brown Brown Brown (0.767) Brown (0.475) Light (0.651) D-Brown/Black 
S12 Brown Black Brown (0.998) Black (0.899) Dark (0.997) Black 
S2 Brown Brown Brown (0.982) Brown (0.743) Light (.723) Brown/D-Brown 
S3 Brown Black Brown (0.997) Black (0.679) Dark (0.997) Black 
S6 Blue Blond Blue (0.949) Blond (0.646) Light (0.995) Blond/D-Blond 
S9 Brown Black Brown (0.991) Brown (0.498) Dark (0.905) D-Brown/Black 
S1 Blue Red Blue (0.926) Red (0.846) Light (0.99) Red 
S4 Blue Blond Blue (0.97) Blond (0.705) Light (0.996) Blond 
S7 Intermediate Red Blue (0.926) Red (0.4) Light (0.99) Red 
S8 Brown Black Brown (0.957) Black (0.843) Dark (0.983) Black 
S10 Brown Brown Brown (0.836) Brown (0.456) Light (0.583) D-Brown/Black 
S11 Intermediate Blond Brown (0.986) Brown (0.55) Light (0.849) Brown 
 
Y-chromosome haplogroup prediction and sex determination 
All 35 Y-chr SNPs were recovered from all male test samples. No Y-chr SNPs were called 
for any of the female samples. Based on the presence versus absence of Y-chr SNPs all 
twelve samples were predicted accurately as male or female. All Y-chr SNPs made 
phylogenetic sense (i.e. no conflicting haplogroup assignments), and the inferred Y-
haplogroup was broadly consistent with self-declared ancestry for all but one sample from 
Central America (S2) which carried a Y-chr haplogroup of European origin (Table 12).  
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Table 12. Y-chr haplogroup results for 12 test samples with known ancestry and associated continental affiliations. ‘NA’ 
denotes samples for which a Y-chr haplogroup was not assigned because the donor was female.  
 
Sample Sex Self-declared 
ancestry 
Region Inferred Y-chr 
haplogroup 
Continental Affiliation 
S5 M European Western Europe R-M412 Western Europe 
S12 M East Asian South-East Asia O-P203 East/South-East Asia 
S2 M Native American Central America R-M412 Western Europe 
S3 M African Sub-Saharan Africa E-M96 Africa/Europe 
S6 M European Western Europe E-V36 Europe 
S9 M African North Africa J-M267 North Africa/ Middle East 
S1 F European Western Europe NA NA 
S4 F European Western Europe NA NA 
S7 F European Western Europe NA NA 
S8 F East Asian Mainland East Asia NA NA 
S10 F Native American Central America NA NA 




Recent MPS approaches to SNP typing of samples for forensic investigation have shown 
promise for generating data for hundreds of markers in a single assay (Meiklejohn & 
Robertson 2017; Xavier & Parson 2017). However, these approaches can present difficulties 
associated with PCR-based enrichment and customisability of genetic markers targeted 
(Gettings et al. 2015; Elwick et al. 2018). We aimed to address these issues by developing a 
124-SNP custom hybridisation enrichment panel to infer biogeographic ancestry, hair and 
eye colour, and Y-chromosome lineage information from a set of modern test samples with a 
range of self-declared biogeographic ancestry, hair and eye colour, and sex. The use of 
individually mixed probes also allows the user to customise the panel to suit specific forensic 
questions on a case-by-case basis. This study demonstrates the feasibility of using this 
approach for forensic case samples where specific questions regarding biogeographic 
ancestry and phenotype are of importance.  
 
Analysis of five unadmixed global reference population datasets showed that the 67 ancestry-
informative SNPs in the panel were able to accurately differentiate between populations at a 
continental scale. Cumulative population-specific Divergence (PSD) values indicated 
virtually equal power for African (AFR) and Oceanian (OCE) populations with a higher than 
average PSD, while European (EUR) showed slightly lower than average. Both Native 
American (AMR) and East Asian (EAS) populations showed noticeably lower than average 
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PSD values. This trend for AMR and EAS population groups has been demonstrated in 
previous ancestry-informative panels, even for a larger number of markers (Eduardoff et al. 
2016). This is due to the reduced availability of informative markers divergent for these 
populations versus population groups like AFR where informative SNPs show higher 
divergence powers. The lower PSD values can potentially be addressed by adding a small 
number of extra ancestry SNPs informative for those populations to the panel to achieve a 
more balanced PSD if required. Pairwise comparisons between population groups showed a 
reduced power for the SNPs to differentiate between EAS and AMR, and EAS and OCE, 
which can be explained by their much more recent shared common ancestry and the similar 
allele frequencies for many SNPs in these populations (de la Puente et al. 2017). Despite this, 
the custom panel was able to differentiate between populations to a higher degree than 
previous SNaPshot SNP typing performed in the laboratory using the Global AIMs Nano set.  
The inclusion of extra SNPs specifically informative for pairwise differentiation of EAS 
populations from AMR and OCE will improve the ability of the panel to differentiate 
between these populations.  
 
Given the ability of the panel to be fully customisable, by adding or removing probes for 
individual SNPs or groups of SNPs, analyses can be tailored to suit specific questions of 
forensic testing. For example, phenotypic SNP data might not be required and can be omitted 
from the enrichment probe pool, or population differentiation may be required only for a 
pairwise or three-way comparison (i.e. differentiating between AFR and EUR ancestry only) 
(Phillips et al. 2007; Phillips et al. 2009). In these cases, the careful selection of specific 
markers informative for those groups can be targeted to suit each investigation on a case-by-
case basis. PSD and pairwise comparisons should be conducted during the marker selection 
process for these situations to ensure adequate differentiation power of the population groups 
in question. While this is true for the biogeographic ancestry informative SNPs, this is not a 
concern for the phenotypic SNPs and no such calculations are required for the Y-chr lineage 
SNPs in the panel. The customisability of the panel is desirable when attempting to tailor 
forensic analyses and it addresses the ‘big data’ concern of MPS for forensic identification by 
reducing the amount of data generated whilst ensuring the requirements for testing are met 
(Scudder et al. 2018). The use of tailored ancestry SNP sets for specific population 
comparisons will theoretically reduce the error associated with the interpretation of ancestry 
markers (Phillips et al. 2009).  
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A combination of three ancestry classification methods (Snipper, STRUCTURE and PCA) 
were used to infer biogeographic ancestry in this study, given the limitations of Snipper to 
detect ancestry admixture (Cheung et al. 2018a). The biogeographic ancestries of all 
European and East Asian declared individuals were correctly inferred from the SNPs using 
Snipper, STRUCTURE and PCA, however samples with Native American declared ancestry 
from Central America and one individual with African declared ancestry had major ancestry 
components inconsistent with declared information, clustering strongly to European ancestry. 
Most modern Central and South American populations have varying degrees of ancestry 
admixture from European, Native American and African ancestry (Galanter et al. 2012; 
Phillips et al. 2014; Homburger et al. 2015; de la Puente et al. 2017). Our results for the two 
self-declared Native American samples therefore aligned with previous analysis of 
individuals from this geographic region and further demonstrates the complexity of assigning 
ancestry to admixed Central and South American individuals and populations. North African 
populations have also demonstrated gene flow and shared ancestry from the neighbouring 
European continent and the Near East, revealing admixture between African and European 
ancestry and are differentiated from other Sub-Saharan populations in previous studies (Henn 
et al. 2012; Jin et al. 2018). Furthermore, North African populations can more closely 
resemble European populations than sub-Saharan African using ancestry informative SNPs 
commonly used in forensic ancestry panels (Phillips 2013), also evident in the analyses of 
SNP data from an Algerian (ALG) population of the HDGP-CEPH dataset in this study. 
Comparison of the North African sample against the ALG population indicated consistency 
between the estimated co-ancestry components using STRUCTURE and can therefore be 
considered an admixed individual of AFR and EUR ancestry. It is important to note that for 
testing self-declared individuals who have admixed ancestry, not all contributing ancestries 
may be declared and must be taken into account when reporting genetic ancestry of test 
samples. Recent guidelines proposed suggest that an ancestry component should be reported 
for a sample if it contributes to more than 20% of the overall ancestry profile (Jin et al. 
2018). However, empirical thresholds selected would depend on the specific panel used, the 
classification methods used to analyse the data, as well as the reference population genotypes 
that are available for comparison. This would require deliberation in each laboratory 
depending on what methods are in use.  
Our results support previous concerns around ancestry determination for forensic testing, 
particularly when attempting to categorise an individual from a modern (and therefore 
potentially admixed) population into one of five ancestral reference population groups 
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(Cheung et al. 2018b; Jin et al. 2018). For example, the two Native American declared 
samples from Central America in our study display high levels of European admixture and 
therefore do not group strongly into the unadmixed Native American reference population 
dataset. The differentiation of admixed populations and those on continental borders where 
no geographic boundaries exist can complicate analyses due to increased gene flow, 
especially in the modern age where movement between continents is common. As a potential 
approach, it may be beneficial to include admixed populations as well as ‘unadmixed’ 
reference population groups in order to compare and better assess ancestry in unknown 
samples, rather than evaluating samples against unadmixed reference populations alone. On 
the whole, given this information the predictions in this study that were inconsistent with 
self-declared ancestry were not considered as erroneous. The panel had correctly identified 
ancestry components of these samples that align with previous studies of relevant admixed 
populations (de la Puente et al. 2017; Henn et al. 2012). Additionally, these samples show 
ancestry components consistent with the geography of the regions where the self-declared 
individuals originated from (and likely admixture due to shared demographic history).  
Samples selected in this study were chosen to represent all hair and eye colour categories to 
test whether the inclusion of the phenotype SNPs with the ancestry and Y-chr SNPs using a 
hybridisation enrichment technology gave results that were consistent with known phenotype. 
Brown and blue eye colours were predicted accurately in all cases, however intermediate eye 
colours remained problematic to predict, giving an overall 83% prediction accuracy of the 
SNPs to infer eye colour (Walsh et al. 2014). Interestingly, when excluding the intermediate 
eye colour category (sometimes explored due to the potential inaccuracies in predicting 
intermediate eye colour against observed eye colour)(Walsh et al. 2014), the prediction 
accuracy increases to 92% when grouping individuals into ‘brown’ and ‘not brown’ eye 
colour categories. Given that pigmentation in eye colour is a complex trait which can be 
subjective to report (Sulem et al. 2008), and that intermediate eye colour has demonstrated a 
lower prediction accuracy than other eye colours in previous studies (Ruiz et al. 2013; Freire-
Aradas et al. 2014; Walsh et al. 2014; Hussing et al. 2015), this result is not unexpected. For 
hair colour, a 92% prediction accuracy was achieved across the twelve samples, where one 
sample with reported blond hair colour was predicted as brown. Red, black and brown hair 
phenotypes were predicted correctly in all cases. Again, previous studies have documented 
inaccuracies with predicting hair colour phenotypes (down to a 73% prediction accuracy on 
average), particularly with blond and brown categories (Walsh et al. 2014; Hussing et al. 
2015). For both hair and eye colour, the prediction accuracy shown in this study is consistent 
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with previous error rates established in earlier studies of the HIrisPlex SNP panel (Walsh et 
al. 2013; Walsh et al. 2014). Since the design and execution of our panel, a revised HIrisPlex 
panel has been published, termed the ‘HIrisPlex-S’ assay which now includes 17 extra SNPs 
in pigmentation genes which can help infer skin colour (Chaitanya et al. 2018). As an 
additional consideration, these SNPs could easily be implemented into the custom enrichment 
panel as a further intelligence tool. Nonetheless, this study has demonstrated the successful 
use of the HIrisPlex panel in a hybridisation enrichment approach for forensic analysis and 
may help to further support ancestry estimations when used in conjunction with the ancestry 
informative SNPs in the custom panel. Currently, the HIrisPlex model includes test data only 
from European populations (Walsh et al. 2014). Understanding how different populations 
may influence the prediction model and therefore the success rate could be improved by 
including reference samples from multiple non-European populations.  
 
The Y-chr SNPs in the custom panel were able to predict Y-chr haplogroups for all samples 
with no conflicting haplogroup classifications. No Y-chr SNPs were recovered from any of 
the female samples, highlighting the potential for this method as an indication of sex (based 
on the presence versus absence of Y-chr markers). For all six male samples, Y-chr 
haplogroup classifications and their associated most likely geographic affiliation were 
consistent with reported self-declared ancestry with the exception of one self-declared Native 
American sample (with a European biogeographic ancestry prediction), carrying a European 
Y-chr haplogroup (R-M412). Given the complex demographic history of Central and South 
American populations discussed above, this result is not unexpected and represents the 
European influence on modern American ancestry. The distinction between sub-haplogroups 
of widespread haplogroups has demonstrated utility in this study by identifying two different 
E haplogroups that have contrasting geographic coverage (Cruciani et al. 2007; Valverde et 
al. 2013; van Oven et al. 2013). Further resolution of the E haplogroup allowed for more 
specific geographical affiliation of patrilineal ancestry, and was able to distinguish between 
two samples of African and European ancestry both carrying E lineages that have differing 
geographical coverage (van Oven et al. 2013). Haplogroup J-M267 detected in the North 
African sample which revealed predominantly European autosomal ancestry, is common in 
the Middle East and North Africa and was therefore consistent with known information 
(Semino et al. 2004; van Oven et al. 2013). The panel has the capability of determining 
informative Y-chr haplogroups and sub-haplogroups and can be considered a suitable tool for 
exploring the paternal lineage of male samples. In each case, Y-chr haplogroup assignments 
complemented the results of the biogeographic ancestry analysis and was able to further 
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resolve ancestry components, especially for male samples showing evidence of ancestry 




The custom enrichment panel provides a new avenue for the simultaneous genetic analysis of 
multiple marker types for forensic intelligence (biogeographic ancestry, phenotype and 
paternal lineage), with a novel technical approach that allows the possibility of using 
customisable SNP marker sets for hybridisation enrichment prior to MPS. The panel can 
distinguish biogeographic ancestry of a sample between five major continental populations 
and detect admixed individuals. The inclusion of Y-chr SNPs demonstrated fine-resolution 
sub-typing of ubiquitous haplogroups in order to assign more specific geographical affiliation 
of paternal lineages and was able to support findings from biogeographic ancestry analysis. 
Hair and eye colour predictions from a range of hair colours using SNPs of the HIrisPlex 
phenotyping tool produced predictions that match well with previously established success 
rates. Thus, the panel provided genetic information for a range of modern samples with 
known ancestry, sex and phenotype consistent with self-declared ancestry and demographic 
histories of the regions they originated from. The panel demonstrates accurate inference of 
ancestry, sex, paternal lineage and hair and eye colour, all of which provide valuable 
intelligence information for questions of forensic testing involving cases of missing persons 
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Supplementary File S4. Details of the 368 reference samples from five population groups across the 1000 Genomes and 
HGDP-CEPH datasets used for comparison. All genotypes are presented in forward orientation (provided as an electronic 
file on USB Drive). 
 
Supplementary File S5. SNP details and population-specific/pairwise Divergence values (In) of the 67 ancestry-informative 
SNPs in the custom enrichment panel (including four tri-allelic SNPs). SNPs are ranked according to their population In 
(highlighted in grey) inside each population group. 
Group SNP ID AFR AMR EAS EUR OCE AFR/AMR AFR/EAS AFR/EUR AFR/OCE AMR/EAS AMR/EUR AMR/OCE EAS/EUR EAS/OCE EUR/OCE
rs2814778 0.670 0.112 0.130 0.129 0.135 0.654 0.660 0.660 0.633 0.000 0.000 0.001 0.000 0.000 0.000
rs1871534 0.637 0.109 0.126 0.125 0.082 0.621 0.626 0.626 0.599 0.000 0.000 0.000 0.000 0.000 0.000
rs6875659 0.598 0.099 0.130 0.072 0.093 0.609 0.634 0.546 0.621 0.001 0.005 0.000 0.010 0.000 0.007
rs2789823 0.593 0.107 0.123 0.121 0.080 0.577 0.582 0.582 0.556 0.000 0.000 0.000 0.000 0.000 0.002
rs1369290 0.455 0.230 0.162 0.103 0.100 0.277 0.484 0.413 0.459 0.379 0.322 0.376 0.009 0.000 0.003
rs310644 0.369 0.107 0.170 0.081 0.194 0.477 0.540 0.419 0.003 0.006 0.004 0.426 0.019 0.487 0.370
rs10483251 0.074 0.444 0.074 0.002 0.000 0.529 0.000 0.032 0.051 0.536 0.348 0.301 0.035 0.055 0.002
rs12498138 0.098 0.431 0.022 0.024 0.016 0.518 0.024 0.022 0.024 0.386 0.392 0.387 0.000 0.000 0.000
rs2080161 0.143 0.431 0.002 0.019 0.027 0.621 0.103 0.045 0.027 0.292 0.408 0.462 0.014 0.040 0.016
rs174570 0.172 0.344 0.000 0.026 0.023 0.582 0.115 0.053 0.212 0.247 0.363 0.137 0.015 0.020 0.069
rs1557553 0.064 0.320 0.000 0.050 0.004 0.403 0.039 0.000 0.020 0.219 0.385 0.270 0.033 0.003 0.015
rs12402499 0.068 0.317 0.064 0.006 0.037 0.360 0.000 0.026 0.000 0.358 0.236 0.334 0.026 0.000 0.016
rs7151991 0.021 0.309 0.020 0.008 0.089 0.292 0.000 0.002 0.033 0.292 0.257 0.455 0.002 0.033 0.047
rs10012227 0.092 0.307 0.011 0.041 0.012 0.445 0.096 0.006 0.019 0.159 0.368 0.310 0.056 0.032 0.004
rs8137373 0.171 0.232 0.202 0.038 0.200 0.015 0.407 0.206 0.475 0.521 0.301 0.593 0.048 0.007 0.084
rs4792928 0.161 0.194 0.093 0.151 0.009 0.412 0.276 0.000 0.063 0.020 0.411 0.198 0.274 0.000 0.062
rs647325 0.008 0.149 0.001 0.111 0.024 0.073 0.002 0.103 0.044 0.100 0.318 0.215 0.075 0.026 0.013
rs1229984 0.089 0.072 0.356 0.074 0.018    0 0.368    0 0.018 0.362 0.000 0.015 0.354 0.269 0.013
rs12434466 0.073 0.229 0.338 0.151 0.229 0.289 0.296 0.016 0.289 0.256 0.351 0.000 0.401 0.256 0.351
rs4892491 0.004 0.053 0.332 0.061 0.019 0.022 0.255 0.022 0.006 0.394 0.000 0.005 0.395 0.328 0.005
rs17822931 0.162 0.002 0.328 0.056 0.029 0.128 0.489 0.026 0.036 0.161 0.049 0.036 0.353 0.323 0.001
rs12594144 0.256 0.120 0.264 0.086 0.001 0.429 0.560 0.043 0.148 0.016 0.254 0.101 0.370 0.186 0.041
rs881929 0.172 0.009 0.261 0.000 0.008 0.069 0.461 0.101 0.067 0.216 0.004 0.000 0.168 0.220 0.004
rs6437783 0.108 0.105 0.256 0.109 0.001 0.253 0.392 0.000 0.074 0.030 0.263 0.062 0.403 0.156 0.080
rs6494411 0.083 0.083 0.251 0.105 0.007 0.258 0.417 0.001 0.046 0.029 0.231 0.098 0.386 0.216 0.034
rs4683510 0.040 0.032 0.208 0.116 0.023 0.086 0.242 0.016 0.000 0.047 0.168 0.083 0.358 0.237 0.018
rs4704322 0.124 0.004 0.202 0.031 0.002 0.102 0.349 0.020 0.096 0.090 0.034 0.000 0.222 0.096 0.030
rs3827760 0.195 0.235 0.192 0.183 0.086 0.499 0.416 0.000 0.012 0.007 0.498 0.414 0.414 0.335 0.012
rs721367 0.066 0.025 0.166 0.115 0.040 0.104 0.231 0.010 0.000 0.030 0.159 0.096 0.300 0.220 0.013
rs4657449 0.188 0.136 0.133 0.138 0.213 0.377 0.349 0.002 0.513 0.001 0.335 0.022 0.308 0.031 0.467
rs1426654 0.094 0.066 0.119 0.631 0.077 0.001 0.003 0.616 0.000 0.007 0.593 0.002 0.658 0.000 0.631
rs16891982 0.119 0.084 0.111 0.622 0.070 0.002 0.000 0.623 0.000 0.001 0.598 0.000 0.621 0.002 0.592
rs1834640 0.140 0.005 0.122 0.490 0.090 0.125 0.000 0.616 0.000 0.115 0.255 0.113 0.601 0.000 0.598
rs12142199 0.060 0.076 0.088 0.391 0.055 0.004 0.005 0.357 0.001 0.000 0.398 0.000 0.403 0.000 0.378
rs9522149 0.086 0.051 0.081 0.370 0.050 0.003 0.000 0.370 0.000 0.003 0.335 0.000 0.369 0.000 0.345
rs8072587 0.056 0.003 0.110 0.310 0.070 0.020 0.012 0.317 0.005 0.057 0.198 0.043 0.398 0.000 0.373
rs820371 0.065 0.000 0.082 0.302 0.086 0.036 0.002 0.337 0.009 0.051 0.175 0.073 0.370 0.003 0.412
rs7084970 0.092 0.046 0.026 0.300 0.084 0.003 0.012 0.402 0.235 0.003 0.351 0.193 0.296 0.150 0.034
rs1924381 0.124 0.000 0.020 0.256 0.001 0.071 0.031 0.393 0.037 0.009 0.160 0.006 0.235 0.000 0.222
rs4749305 0.009 0.142 0.120 0.246 0.089 0.156 0.121 0.097 0.119 0.004 0.434 0.005 0.387 0.098 0.384
rs730570 0.017 0.005 0.098 0.218 0.128 0.024 0.025 0.201 0.063 0.094 0.092 0.153 0.338 0.011 0.425
rs16913918 0.209 0.000 0.016 0.138 0.091 0.113 0.171 0.350 0.327 0.007 0.090 0.074 0.052 0.039 0.000
rs9908046 0.025 0.041 0.001 0.011 0.546 0.004 0.011 0.002 0.580 0.025 0.011 0.625 0.003 0.481 0.538
rs2139931 0.030 0.008 0.023 0.003 0.470 0.004 0.000 0.031 0.540 0.002 0.014 0.481 0.025 0.524 0.363
rs715605 0.002 0.034 0.041 0.005 0.458 0.018 0.020 0.001 0.402 0.000 0.013 0.517 0.014 0.522 0.425
rs3751050 0.007 0.017 0.019 0.004 0.430 0.002 0.002 0.000 0.415 0.000 0.004 0.459 0.004 0.458 0.404
rs6054465 0.052 0.003 0.001 0.006 0.421 0.018 0.042 0.016 0.540 0.005 0.000 0.407 0.007 0.336 0.418
rs10970986 0.120 0.002 0.003 0.003 0.397 0.101 0.063 0.104 0.632 0.006 0.000 0.310 0.007 0.384 0.306
rs16830500 0.058 0.018 0.081 0.090 0.394 0.006 0.149 0.005 0.534 0.100 0.021 0.455 0.192 0.164 0.595
rs6886019 0.009 0.000 0.047 0.005 0.356 0.005 0.014 0.000 0.353 0.033 0.003 0.291 0.018 0.443 0.337
rs2274636 0.079 0.009 0.010 0.007 0.346 0.025 0.088 0.030 0.502 0.024 0.000 0.367 0.019 0.226 0.352
rs16946159 0.001 0.035 0.008 0.043 0.332 0.033 0.008 0.036 0.253 0.011 0.000 0.405 0.012 0.327 0.410
rs1509524 0.001 0.005 0.005 0.008 0.314 0.001 0.001 0.002 0.289 0.000 0.000 0.324 0.000 0.318 0.332
rs11156577 0.114 0.061 0.138 0.023 0.264 0.188 0.266 0.123 0.065 0.014 0.009 0.425 0.042 0.522 0.335
rs7623065 0.163 0.157 0.119 0.001 0.262 0.371 0.302 0.106 0.045 0.007 0.102 0.579 0.062 0.502 0.256
rs10455681 0.243 0.014 0.198 0.074 0.255 0.233 0.477 0.045 0.632 0.064 0.095 0.153 0.291 0.025 0.430
rs10811102 0.232 0.045 0.066 0.029 0.254 0.292 0.310 0.075 0.620 0.000 0.092 0.103 0.104 0.091 0.344
rs7832008 0.014 0.067 0.021 0.075 0.245 0.091 0.001 0.089 0.153 0.105 0.000 0.423 0.104 0.136 0.420
rs3784651 0.011 0.071 0.069 0.139 0.232 0.089 0.016 0.136 0.150 0.173 0.006 0.415 0.233 0.076 0.494
rs9809818 0.272 0.100 0.240 0.165 0.223 0.415 0.556 0.014 0.620 0.019 0.320 0.042 0.453 0.005 0.515
rs10183022 0.305 0.085 0.003 0.007 0.209 0.419 0.231 0.248 0.632 0.040 0.033 0.045 0.000 0.155 0.141
rs798949 0.087 0.131 0.102 0.007 0.175 0.259 0.209 0.024 0.035 0.004 0.137 0.437 0.099 0.376 0.110
rs2409722 0.328 0.149 0.089 0.010 0.162 0.522 0.414 0.141 0.572 0.012 0.163 0.004 0.094 0.027 0.199
rs2184030 0.074 0.050 0.039 0.055 0.035 0.131 0.099 0.129 0.039 0.013 0.000 0.250 0.012 0.187 0.247
rs5030240 0.074 0.177 0.172 0.154 0.123 0.129 0.237 0.213 0.066 0.356 0.356 0.085 0.002 0.457 0.432
rs4540055 0.338 0.090 0.131 0.203 0.063 0.283 0.446 0.555 0.146 0.185 0.163 0.101 0.025 0.116 0.184
rs2069945 0.106 0.067 0.095 0.023 0.047 0.193 0.214 0.074 0.117 0.001 0.039 0.383 0.050 0.403 0.269
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Supplementary File S10. Details of the 209 admixed population samples from the 1000 Genomes and HGDP-
CEPH datasets used for comparison. All genotypes are presented in forward orientation (provided as an 
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Environmentally compromised and degraded samples can often fail to produce usable results 
with routine forensic genetic testing, resulting in partial or uninformative profiles. Recent 
developments in massively parallel sequencing of PCR multiplexes and hybridisation 
enrichment techniques offer solutions for typing hundreds of markers from degraded 
samples, however determining when a sample should be subjected to such techniques is 
usually at the cost of precious sample and resources. We recently developed a SNP-based 
screening and triaging tool, the ‘Miniplex’, and a custom hybridisation enrichment approach 
for use on generating intelligence data from degraded samples. In this study, we demonstrate 
the application of these methods to 38 degraded and forensic casework samples with post-
mortem intervals of up to 70 years. The Miniplex provided an indication of sample 
degradation through comparison of mitochondrial and nuclear SNP typing success and 
allowed broad inferences of biological profile. Our custom enrichment panel was able to 
generate fine-resolution inferences for ancestry, hair and eye colour, sex and Y chromosome 
lineage to higher statistical likelihoods. Intelligence information gained from these methods 
are useful both in the selection and prioritisation of probative samples for downstream 
analysis, and for use in guiding forensic investigations of degraded remains where no other 
biological information can be gathered from a sample. 
 










Forensic casework samples for disaster victim and missing persons identification often 
contain limited amounts of highly degraded DNA (Higgins et al. 2015). This can lead to 
partial or uninformative DNA profiles when using conventional short tandem repeat (STR) 
markers (Higgins et al. 2015). Autosomal STR profiling is sensitive down to 62pg of DNA 
(Cornelis et al. 2018), or approximately 10 diploid cells. However the optimal range for most 
commercial kits is considered to be between 0.5 and 2ng of template DNA (or approximately 
84-334 diploid cells) (Kline et al. 2005), which may not be available in degraded samples. 
Advances in post-extraction DNA analysis of degraded remains such as single nucleotide 
polymorphism (SNP) typing and massively parallel sequencing (MPS) are providing new 
ways to retrieve genetic information from the small amounts of highly degraded DNA 
recovered from such samples (Musgrave-Brown et al. 2007; Phillips et al. 2009; Fondevila et 
al. 2013; Templeton et al. 2013; Daniel et al. 2015; Gettings et al. 2015). Recent 
developments in MPS of polymerase chain reaction (PCR) multiplexes and alternative target 
enrichment techniques offer solutions to the genetic profiling of degraded remains, via 
simultaneous sequence analysis of hundreds of genetic markers (Churchill et al. 2016; de la 
Puente et al. 2017; Al-Asfi et al. 2018; Bose et al. 2018). However, resource, sample 
availability and specialised expertise are just some of the constraints of these technologies, 
and such tools remain impractical to implement for forensic laboratories with low-throughput 
MPS requirements. Currently available commercial MPS kits can also encounter difficulties 
with degraded DNA due to the amplicon sizes (>200 bp in some kits) (Gettings et al. 2015) 
and loss of intact primer binding sites. Careful decision-making to determine when samples 
should be subjected to more specialised techniques such as MPS is a concern for forensic 
laboratories. 
Hybridisation enrichment-MPS technologies using short biotinylated probes have been 
explored recently for forensic identification purposes as an alternative approach to PCR-
based multiplex enrichment (Templeton et al. 2013; Bose et al. 2018). One advantage of 
using a hybridisation capture approach is in the ability to retrieve very short DNA fragments 
– down to 30bp. Templeton et al. (2013) demonstrated an in-solution hybridisation 
enrichment technique that recovered whole mitochondrial genomes from forensically 
challenging post-mortem human skeletal remains ranging from 10 to ~2,500 years old. Bose 
et al. (2013) applied a custom hybridisation enrichment panel (307 SNPs and 36 
microhaplotypes), with a focus on mixture detection using identity informative SNPs (Bose et 
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al. 2018). Both studies demonstrate the application of a hybridisation enrichment strategy for 
forensics purposes. 
We recently developed an efficient and economical SNP-based triaging method (Miniplex) 
that provides a broad biological profile from mitochondrial DNA (mtDNA), Y chromosome 
(Y-chr) SNPs, and autosomal SNPs. The Miniplex also assesses sample quality by 
comparison of mtDNA and nuclear SNP recovery with varying amplicons lengths (66-128bp) 
(Chapter 2; Bardan et al. 2018). The Miniplex allows triaging of samples to determine the 
most suitable downstream identification workflow (i.e. STR genotyping or MPS techniques). 
Subsequently we developed a customisable hybridisation enrichment nuclear SNP panel to 
provide more detailed biogeographic ancestry, phenotype and Y-chr lineage (Chapter 3) and 
tested this on a set of modern, high quality human DNA samples with known ancestry, 
phenotype and sex. The panel correctly inferred biogeographic ancestry, hair and eye colour, 
Y-chr lineage and sex on most samples, indicating its value as a means to gather forensic 
intelligence from an unknown DNA sample. The objective of the current study is to apply 
and compare the Miniplex and the custom hybridisation enrichment panel to retrieve SNP-
profiles and infer ancestry, phenotype, Y-chr haplogroup and sex from a range of degraded 
DNA and casework samples. We demonstrate the successful application of these novel 
methods to provide intelligence data for cases involving missing persons, and for degraded 
and skeletal human remains.  
2. Materials and Methods 
2.1 Degraded DNA technique and quality control 
All steps preceding multiplex PCR and DNA library amplification were performed in 
dedicated low-copy and ancient DNA laboratories (geographically separate from post-
amplification and modern molecular biology laboratories) to maintain integrity of DNA 
samples and mitigate the risk for contamination of samples with modern human DNA or PCR 
products. Stringent measures to minimise laboratory contamination were applied, including 
use of UV lights in all rooms and in all glove boxes, positive HEPA-filtered air pressure in 
laboratories, cleaning of work areas with sodium hypochlorite and isopropanol before and 
after use, personal protective equipment and triple-gloving during sample handling. 
Extraction blanks were included in each extraction batch. No-template controls were included 
during SNaPshot PCR set-up, library preparation and hybridisation enrichment. All controls 
were included to monitor potential contamination from human DNA sources and cross-
contamination from other samples. 
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2.2 Samples and DNA extraction 
In total, 38 samples were used including degraded teeth from a previous study (Higgins et al. 
2015) and casework samples (human bone and hair). Sample details are given in Table 1.  
2.2.1 Degraded Teeth 
Thirty human teeth (14 male, 16 female) from a range of post-mortem intervals (1, 2, 4, 8, 
and 16 months) and previously extracted by Higgins et al. (2015) were used in accordance 
with ethics approval from the University of Adelaide Human Research and Ethics Committee 
(H-2016-198). Self-declared ancestry and phenotype (hair and eye colour) were not recorded 
for the donors.  
2.2.2 Casework samples 
Eight casework samples that had previously been extracted within the last ten years included 
six bones, one anagen hair and one hair shaft. The bones represent archaeological remains from 
Europe (1 sample), and unidentified remains from tropical and sub-tropical environments in 
Australia (4 samples, < 20 years old) and Papua New Guinea (1 sample, ~ 70 years old) and 
were mostly fragmentary and recovered from soil environments. The hair samples were 
recovered from a plaster bust of the “Somerton Man”, an unidentified man of approximately 
45 years of age found deceased on Somerton Beach, Adelaide, Australia in December 1948. 
His identity has never been established, but a death mask and subsequently a plaster bust was 
made of his head and shoulders in 1949 (5 months after death, (Adelaide News 1949)). The 
bust contains a number of hairs that are believed to come from the Somerton Man’s head. 
 
To reduce surface contamination, the outer surfaces of the bones were UV irradiated (260nm) 
for 30 mins, then ~1 mm of the sample surfaces was removed using a Dremel tool with a 
carborundum cutting disc. Each sample was then ground to a fine powder using a Mikro-
Dismembrator (Sartorius). DNA was extracted from 0.2-0.5 g of powdered bone using a silica 
in-solution method (Brotherton et al. 2013) in a dedicated ancient DNA laboratory. Sex, 
ancestry and phenotype data were not known for bone samples. The hair samples were 
extracted using the Charge Switch Forensic DNA Purification Kit with a slight modification to 





Table 1. DNA samples used in this study. ‘UNK’ denotes samples for which sex was not known. 
Sample 




No. Sex Sample Type 
Sample 
Description 
1 Male Degraded Teeth Tooth  20 Male Degraded Teeth Tooth 
2 Female Degraded Teeth Tooth  21 Male Degraded Teeth Tooth 
3 Female Degraded Teeth Tooth  22 Male Degraded Teeth Tooth 
4 Male Degraded Teeth Tooth  23 Male Degraded Teeth Tooth 
5 Male Degraded Teeth Tooth  24 Male Degraded Teeth Tooth 
6 Male Degraded Teeth Tooth  25 Female Degraded Teeth Tooth 
7 Female Degraded Teeth Tooth  26 Male Degraded Teeth Tooth 
8 Female Degraded Teeth Tooth  27 Female Degraded Teeth Tooth 
9 Female Degraded Teeth Tooth  28 Female Degraded Teeth Tooth 
10 Female Degraded Teeth Tooth  29 Female Degraded Teeth Tooth 
11 Male Degraded Teeth Tooth  30 Male Degraded Teeth Tooth 
12 Male Degraded Teeth Tooth  31 UNK Casework Bone 
13 Female Degraded Teeth Tooth  32 UNK Casework Bone 
14 Female Degraded Teeth Tooth  33 UNK Casework Bone 
15 Female Degrade Teeth Tooth  34 UNK Casework Bone 
16 Female Degraded Teeth Tooth  35 UNK Casework Bone 
17 Female Degraded Teeth Tooth  36 UNK Casework Bone 
18 Female Degraded Teeth Tooth  37 Male Casework Anagen hair 
19 Male Degraded Teeth Tooth  38 Male Casework Hair shaft 
 
2.3 Miniplex PCR and SBE typing 
SNaPshot SNP typing using the Miniplex PCR and SBE reactions were performed as 
described in (Bardan et al. 2018) (Chapter 2).  
2.4 124-SNP hybridisation enrichment and massively paralleled sequencing 
Library preparation and hybridisation enrichment were performed as described previously 
(Chapter 3) with the following alterations: the number of cycles determined by real-time PCR 
for first library amplification was capped at 15 cycles (regardless if results indicated more 
cycles were needed) in order to minimise clonality before enrichment. Samples that returned 
no detectable DNA on the Bioanalyzer 2100 (Agilent Technologies) following the second 
round of enrichment were subjected to real-time PCR using SYBR Green chemistry to 
determine the number of re-amplification cycles to generate sufficient material for 
sequencing (Chapter 3 Figure 1). DNA libraries were diluted 1:5 in DNA-free water and 1 uL 
was added to a final reaction volume of 10 uL comprising 1x HiFi buffer, 2 mM MgSO4, 
250μM of each dNTP, 0.4 μM of each IS7 and IS8 primer (Meyer & Kircher (2010), 0.04 U 
Platinum HiFi Taq, and 0.4 uL ROX/SYBR mix (1 uL SYBR Green DNA Stain; Life 
Technologies, 4uL ROX; Thermo Fisher, 2 mL DMSO; Sigma). Thermocycling consisted of 
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a 6 min denaturation step at 94 °C, followed by 40 cycles of 15 s at 94°C, 15 s at 60°C, and 
30 s at 68°C. All samples were run in duplicate and negative (PCR blank) controls were 
included on all runs. Real-time PCR was performed on a Roche LightCycler 96 thermocycler 
(Roche Life Sciences). Average Cq values generated for each of the samples indicated 
appropriate number of PCR cycles for reamplification. 
Enriched samples were split into three runs and pooled equimolar to 5nM before sequencing 
on an Illumina MiSeq at the Australian Genome Research Facility (AGRF) using paired end 
150 bp sequencing. For samples with low DNA quantities that did not meet the 5nM 
threshold, the total volume of enriched product was added into the pool. No DNA was 
detected in enriched negative controls using a Bioanalyzer but were spiked into the runs at a 
10% volume of the final pool.  
2.5 Data Analysis 
Miniplex profile interpretation was performed as described in Bardan et al. 2018 (Chapter 2). 
In addition, STRUCTURE analysis (Porras-Hurtado et al. 2013) was performed on the 
Miniplex ancestry SNP profiles for comparison to MPS biogeographic ancestry data.  
 
MPS data analysis and SNP calling were performed as previously described in Chapter 3 to 
generate a maximum 124-SNP (for males) or 89-SNP (for females) genotype for each 
sample. PCR duplicates (reads starting and ending at the same genome coordinates) were 
discarded so that only unique reads were included for genotype calling. For the inference of 
biogeographic ancestry, phenotype and Y-chr haplogroup, predictions were made using SNP 
calls at three different read depth thresholds (total locus coverage of ³2x, ³5x, and³10x). 
Concordance for genotypes across the Miniplex and 124-plex hybridisation enrichment 
methods was checked for the 17 SNPs in common. Reference population data for the 
inference of biogeographic ancestry using the Miniplex and 124-plex hybridisation 
enrichment data are given in Supplementary File S1 and S2.  
 
For hair and eye colour predictions using the HIrisPlex model, samples missing HERC2 
rs12913832 do not produce an eye colour prediction result. According to the predictive 
model, if all MC1R (10 SNPs) were not retrieved, no hair colour prediction could be made. If 
samples were missing HERC2-SLC45A2-IRF4 loci, no hair or eye colour prediction could be 




3.1 SNP typing success 
3.1.1 Miniplex SNP recovery 
DNA extract input for Miniplex PCR amplification ranged from <0.5 ng – 36.2 ng 
(Supplementary Table S3). Complete profiles (13 SNPs for females, 18 SNPs for males) were 
obtained from 12/38 samples (32%). Full mtDNA profiles (five SNPs) were retrieved from 
37/38 samples, and full nuclear SNP profiles (8 for females, 13 for males) were obtained 
from 12/38 samples. For the 26 samples that produced partial nuclear profiles, SNP typing 
success ranged from 0 - 92% (average of 53%) (Figure 1). Sample 23 did not produce any 













Figure 1. Total nuclear SNP typing success (A) and Y-chr SNP typing success (B) (grey bars) using the Miniplex on a range 
of degraded human teeth and casework samples with varying DNA input amounts. MtDNA SNP success not shown due to 
all but one sample returning complete mtDNA SNP profiles. Samples are ordered based on increasing SNP typing success in 
each graph. Details can be found in Supplementary Table S4. 
3.1.2 Hybridisation enrichment performance and SNP recovery 
Input DNA for hybridisation enrichment following library preparation ranged from 6.2 - 546 
ng (Supplementary Table S3). The total number of reads retained per sample after quality 
filtering (retained reads) ranged from 2 to 1,904,915 (Table 2). Average read depth across the 
38 samples for autosomal and diploid X-chr SNPs (female samples) was between 0 to 585, 
and approximately half this (0 to 241) for Y-chr and haploid X-chr SNPs (male). Samples 
with unknown sex (‘UNK’) a piori were considered to have haploid X-chr SNPs if they 
retrieved Y-chr SNPs. No Y-chr SNPs were retrieved from any of the known female samples. 
Clonality (the proportion of duplicate human sequences) was generally high, ranging from 
19.7 – 99.5%, with a general trend towards lower clonality in samples with higher average 












































































controls did not obtain any retained or mapped reads and did not recover any of the targeted 
SNP markers (not shown).  
Table 2. Number of retained reads, mapped reads, unique mapped reads, clonality and average read depth of coverage for 
autosomal (+ two diploid X chromosome SNPs for females) and Y-chromosome SNP loci (+ two haploid X chromosome 
SNPs for males) for 38 degraded teeth and casework samples. ‘NA’ denotes known female samples for which no reads for 
Y-chr SNPs were obtained. 












(Y-chr + haploid 
X) 
1 Male 180344 164450 120408 26.8 564 241 
2 Female 543636 462811 120321 74.0 82 NA 
3 Female 163295 148548 119336 19.7 585 NA 
4 Male 62961 17914 4094 77.1 3 34 
5 Male 10544 2227 135 93.9 2 0 
6 Male 412670 326668 68896 78.9 22 9.0 
7 Female 1321048 1147981 220295 80.8 51 NA 
8 Female 976466 737127 102031 86.2 5 NA 
9 Female 1084726 628121 12404 98.0 8 NA 
10 Female 438381 289810 43526 85.0 12 NA 
11 Male 1156237 1013512 54979 94.6 5 7 
12 Male 491185 427187 108231 74.7 54 23 
13 Female 1224478 731408 3439 99.5 6 NA 
14 Female 1038238 773423 81427 89.5 12 NA 
15 Female 170440 101801 10492 89.7 4 NA 
16 Female 1268917 654976 16600 97.4 5 NA 
17 Female 1250765 791664 10079 98.7 10 NA 
18 Female 235910 194116 32141 83.4 4 NA 
19 Male 1366779 1182315 253185 78.6 76 35 
20 Male 1131004 547204 4309 99.2 5 4 
21 Male 233039 157227 28831 81.7 11 6 
22 Male 1477707 730051 4185 99.4 5 2 
23 Male 479457 402428 57448 85.7 8 5 
24 Male 1328445 904034 36873 95.9 4 4 
25 Female 1177241 1093374 380822 65.2 377 NA 
26 Male 636406 391241 870 99.8 4 0 
27 Female 1047660 864463 202962 76.5 20 NA 
28 Female 1656883 1288566 235524 81.7 27 NA 
29 Female 247679 229311 4758 97.9 8 NA 
30 Male 1205566 1141889 87689 92.3 39 21 
31 UNK 519 7 5 28.6 0 0 
32 UNK 215448 183325 619 99.7 4 3 
33 UNK 176742 81685 1082 98.7 4 2 
34 UNK 278397 256556 2038 99.2 14 8 
35 UNK 1904915 1736174 1893 99.9 12 7 
36 UNK 2 0 0 NA 0 0 
37 Male 269534 235433 50586 78.5 5 4 
38 Male 99661 96211 170 99.8 5 3 
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SNP recovery success was calculated at three different depths of coverage (2x, 5x, 10x) for 
the total suite of SNPs (autosomal, X, Y SNPs; Figure 2A), and for Y-chr SNPs (Figure 2B). 
Eleven samples (29%) gave full profiles at a minimum of 2x, eight (21%) at a minimum of 
5x and six (16%) at a minimum of 10x read depth over all SNPs.  
Average total SNP recovery (total SNPs possible for females is 89 and 124 SNPs for males) 
for 2x, 5x and 10x thresholds across the 38 samples was 63.3%, 53.7% and 39.1%, and 
average Y-chr SNP recovery across 22 samples was 45.6%, 33.9%, and 23% respectively. 
SNP typing success for samples with unknown sex was calculated with 124 possible SNPs 
regardless of whether Y-chr SNPs were called.  
Coverage statistics indicated that the amount of DNA input to the hybridisation enrichment 
was not correlated with SNP recovery success at any read depth of coverage threshold (R2 = 
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3.2 Lineage-SNPs and sex determination 
3.2.1 Miniplex  
All five mtDNA SNPs were obtained from all but one sample (38), which retrieved no 
mtDNA SNPs. Twenty-eight samples were assigned to macrohaplogroup R, four samples to 
M, three samples to N, and one sample each to L3 and D (Table 3). The mtDNA profiles for 
each sample made phylogenetic sense and indicated only one haplogroup each. 
A full Y-chr SNP profile was obtained from eight samples - six from 16 known males, and 
two where sex was unknown a priori. The highest rate of dropout of Y-chr SNPs was 
observed for indel M175. A haplogroup could not be assigned to two samples that retrieved 
full Y-chr profiles (i.e. SNPs eliminated haplogroup D, E, C, R and O). Seven known male 
samples had insufficient Y-chr SNPs to be assigned to a haplogroup (Table 4). The remaining 
12 samples were assigned into R-M412 (10 samples), C-M216 (one sample) and D-M174 
(one sample), including five casework samples where sex was not known. The Y -chr profiles 
made phylogenetic sense and indicated only one haplogroup each.  
No 5-SNP Y-chr profile was retrieved for the 14 known female samples. Six female samples 
retrieved a T allele for Y-chr marker M174 shown previously to amplify in female samples 
(Chapter 2). Based on the criteria of obtaining >2 Y-chr SNPs for indicating male sex, 16 
samples were determined as male, including five unknown samples. All known female 









Table 3. mtDNA haplogroup results from 30 buried human teeth samples and eight casework samples using five mtDNA 
SNPs in the Miniplex. 
 
Sample  mtDNA haplogroup   Sample 
 mtDNA 
haplogroup 
1 R  20 R 
2 R   21 R 
3 R  22 M  
4 M  23 M  
5 M  24 L3 
6 R  25 R 
7 N  26 R 
8 N  27 R 
9 N  28 R 
10 R  29 R 
11 R  30 R 
12 R  31 R  
13 R  32 R 
14 R  33 D 
15 R  34 R 
16 R  35 R 
17 R  36 R 
18 R  37 R 
19 R  38 Could not classify 
 
 
3.2.2 Hybridisation enrichment Y-chr SNPs 
Full Y-chr SNP profiles (35 SNPs) were retrieved for 5/22 samples (23%) where either male 
sex was known (16 samples), or where sex was unknown (6 samples) a priori. No Y-chr 
SNPs were retrieved from any of the known female samples. A Y-chr haplogroup was 
predicted for twelve samples (Table 4). Ten samples (six of which were known to be male) 
did not retrieve sufficient diagnostic SNPs to allow for haplogroup assignment at a 2x read 
depth. Two samples which were known to be male (5 and 26), and two samples for which sex 
was unknown (31 and 36), did not retrieve any Y-chr SNPs.  
For samples where a Y-chr haplogroup could be assigned (12 samples), all Y-chr SNPs made 
phylogenetic sense (e.g., no conflicting haplogroup assignments) across all three read depth 
thresholds. Two samples (11 and 22) only retrieved sufficient SNPs to assign a broad 
haplogroup deep rooted in the Y-chr phylogeny (KLT-M9, CDEF-M168). Seven samples 
were assigned to Y-chr haplogroup R-M412, one sample each to haplogroup R-M343, basal 
haplogroup G-M201, and haplogroup I-M258. 
3.2.3 Comparison of the two methods 
Four Y-chr SNPs targeted in the Miniplex were also targeted in the enrichment/MPS panel 
(herein referred to as ‘enrichment method’) (INDEL M175 was excluded from probe design). 
For ten samples able to be assigned a haplogroup using both genotyping methods, no 
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conflicting haplogroups were observed. The Miniplex was able to assign a broad haplogroup 
to four samples where the enrichment method could not. The enrichment method was able to 
assign a haplogroup to two samples where the Miniplex could not. Five known male samples, 
and one sample where sex was unknown, could not be assigned sex due a lack of autosomal 
and Y-chr SNP data using either method. SNP profiles were concordant for 37/38 samples 
between the Miniplex and enrichment method. In one sample (sample 20), the Miniplex 
obtained an ‘A’ genotype for Y-chr locus M412 (diagnostic for R), where the enrichment 
method retrieved a ‘G’ at 5x read depth. The Y-chr haplogroup predicted using the Miniplex 
was R, but the enrichment method did not retrieve sufficient diagnostic SNPs to classify a Y-
chr haplogroup. Two samples predicted as ‘Not D, E, C, R, O’ using the Miniplex were 
resolved to the deep-rooted CDEF-M168 haplogroup (sample 22), and to haplogroup G-
M201 (sample 30). Using the enrichment method, eight samples were able to be assigned to a 
haplogroup with a higher resolution than the Miniplex (e.g. sample 6). Six samples could not 

















’) using the M
iniplex and the enrichm
ent m
ethod at 2x, 5x, and 10x read depth 
of coverage thresholds. ‘N
ot D
, E, C, R, O
’ denotes sam
ples that did not fall into any of the M
iniplex Y
 haplogroups. ‘M
P’ in ‘Coverage’ colum
















































































































ould not classify 
- 







ould not classify 
- 
 








































ould not classify 
- 







ould not classify 
- 
 























































































































ould not classify 
- 







ould not classify 
- 
 



























































ould not classify 
- 































































ould not classify 
- 















































































































































































































ould not classify 
- 







































































ould not classify 
 







ould not classify 
- 
 


















































3.3 Biogeographic ancestry 
3.3.1 Miniplex Snipper predictions 
Of the 38 samples, 13 retrieved a full 5-SNP ancestry profile (34%). An ancestry prediction 
was possible in Snipper for 33 samples. Twenty-six samples were predicted as ‘EUR’, four 
samples returned an ‘AFR’ classification, and one sample as ‘AMR’ and ‘EAS’ each using 
the Bayesian classifier Snipper (Table 5). Sample 33 could not be classified into any one 
population, however AFR ancestry was excluded based on its -log(LIKELIHOOD) value (the 
-log(LIKELIHOOD values for AMR, EAS, EUR and OCE were too similar for classification 
into one population group) (Supplementary File S5).  
Five samples could not be classified due to retrieving no autosomal ancestry SNPs and were 
removed from subsequent Miniplex ancestry analysis.  
3.3.2 Enrichment method Snipper predictions 
A full 67-SNP ancestry profile (including four tri-allelic SNPs) was obtained from 12 
samples (32%) using a read depth threshold of 2x, with an average of 48 SNPs recovered (a 
72% recovery rate). For the minimum of 5x and 10x read depths, full ancestry SNP profiles 
were obtained from 10 and 6 samples, with an average SNP recovery of 39 (58%) and 28 
(42%) SNPs respectively. Two samples (31 and 36) produced no SNPs and were excluded 
from ancestry analysis.  
Using a minimum read depth threshold of 2x, 30 of the remaining 36 samples were predicted 
as having ‘EUR’ ancestry, 3 were predicted as ‘AMR’ ancestry, one sample was predicted as 
having ‘EAS’ ancestry and one as ‘OCE’ (Table 5). One sample could not be classified into 
either AMR, EAS, EUR or OCE ancestry, but AFR ancestry was excluded based on the -
log(LIKELIHOOD) value. Different ancestry inferences for six samples were obtained when 
using a 2x read depth threshold for SNP calling to a 10x read depth, however only 1-2 SNPs 






Table 5. Inferred biogeographic ancestry from Snipper for 38 degraded teeth and casework samples using the Miniplex 
(MP) and enrichment method at 2x, 5x, and 10x read depth thresholds. The lowest likelihood ratio is presented as symbols. 
Exact likelihood ratios from lowest to highest are given in Supplementary Table S5). ‘MP’ in ‘Coverage’ column refers to 
Miniplex results where maximum number of ancestry SNPs that can be obtained is five. Maximum number of SNPs for 

















MP 5     EUR #  
2x 64    EUR *  2x 67    EUR *  2x 67    EUR * 
5x 64    EUR *  5x 64    EUR *  5x 67    EUR * 













MP 5    EUR # 
2x 67    EUR *   2x 47    EUR *  2x 67    EUR * 
5x 67    EUR *  5x 13 EUR  5x 67    EUR * 













MP 1  EUR  
2x 64    EUR *  2x 32    EUR *  2x 65    EUR * 
5x 64    EUR *  5x 9 EUR  5x 52    EUR * 













MP 4  EUR  
2x 1 NA  2x 65    EUR *  2x 67    EUR * 
5x 0 NA  5x 56    EUR *  5x 67    EUR * 









MP 2  EUR   
31 
MP 0 NA 
2x 4 EUR  2x 46    EUR *  2x 0 NA 
5x 0 NA  5x 11    EUR #  5x 0 NA 













MP 2  AFR  
2x 67    EUR *  2x 67    EUR *  2x 15    EUR * 
5x 67    EUR *  5x 67    EUR *  5x 5 EUR 












MP 1 NA  
2x 67   EUR *  2x 14    EUR *  2x 34    EAS * 
5x 67   EUR *  5x 5 EUR  5x 10 EAS 












MP 5    EUR # 
2x 61 AMR   2x 64    EUR *  2x 64    EUR * 
5x 33 AMR   5x 63    EUR *  5x 60    EUR * 












MP 5    EUR # 
2x 55    AMR *  2x 38    EUR *  2x 66    EUR * 
5x 29    AMR +  5x 16 EUR  5x 55    EUR * 








MP 0 NA  
36 
MP 3 EUR  
2x 67   EUR *  2x 67    AMR *  2x 0 NA 
5x 67   EUR *  5x 58    AMR *  5x 0 NA 












MP 2   EUR   
2x 23    EUR +  2x 19 EUR  2x 46    EUR * 
5x 11 EUR  5x 6 EAS  5x 17    EUR * 












MP 0  NA 
2x 67    EUR *  2x 67    EUR *  2x 2 OCE 
5x 67    EUR *  5x 67    EUR *  5x 1 NA 
10x 67    EUR *  10x 67    EUR *  10x 0 NA 
13 
MP 2  EUR   
26 
MP 1  EUR   
 
2x 48    EUR *  2x 4 EUR  
5x 28    EUR *  5x 2 AFR  







Likelihood Ratio Legend: 
       = 1 – 10                                 #   = 100,000 – 1,000,000 
       = 10 – 100                                  = 1,000,000 – 10,000,000 
       = 100 – 1000                              = 10,000,000 – 100,000,000 
       = 1000 – 10,000                    +   = 100,000,000 – 1,000,000,000 
       = 10,000 – 100,000               *   = > 1,000,000,000 
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3.3.3 Comparison of the two methods 
All five ancestry SNPs targeted in the Miniplex were also included in the enrichment method. 
The Miniplex could infer ancestry using Snipper for one sample where the enrichment 
method was not able to due to a lack of informative SNPs (sample 36). At a minimum 
threshold of 2x read depth, the enrichment method allowed an ancestry inference for three 
samples (sample 24, 33, 38) where the Miniplex could not. Ancestry was not able to be 
inferred for two samples using either method (sample 4 and 31) due to a lack of informative 
SNPs.  
Genotypes were concordant for all samples between the Miniplex and enrichment method 
except for one locus in one sample. The Miniplex obtained a ‘GG’ genotype for rs9908046 
(informative for Oceanian ancestry) in sample 2, where the enrichment method retrieved 
‘AG’ at 80x read depth (54% of reads for dominant allele A). The resulting ancestry 
classification however was concordant with both samples classified as ‘EUR’ in Snipper, 
STRUCTURE and PCA. However, in all cases only 1-2 SNPs were recovered for the 
Miniplex (resulting in likelihood ratios of ancestry prediction of only 1.1-1.2) compared to 4-
55 SNPs recovered for the enrichment method (resulting in likelihood ratios of ancestry 
prediction of 2.9 to > 1,000,000). 
Table 6. Samples for which differing ancestry inferences were obtained from the Miniplex (MP) versus enrichment method 
at a minimum read depth of 2x. Maximum number of Miniplex SNPs is five. Maximum number of MPS SNPs is 67. ‘LR’ = 




Prediction Miniplex LR MPS 
SNPs 
Prediction MPS LR 
5 2 AFR 1 .1 more likely than EUR 4 EUR 2.9 more likely than AFR 
9 2 EAS 1.1 more likely than AMR 55 AMR > 1,000,000 more likely than EAS 
16 1 AFR 1 .1 more likely than EUR 32 EUR > 1,000,000 more likely than EAS 
20 2 AFR 1 .1 more likely than EUR 14 EUR > 1,000,000 more likely than EAS 
32 2 AFR 1.2 more likely than EUR 15 EUR > 1,000,000 more likely than AMR 
 
The PCA plot for the five Miniplex ancestry SNPs from 34 study samples and 402 reference 
population genotypes shows the ancestry affiliation of the teeth and casework samples and 
are consistent with Snipper predictions (Figure 3A). Samples 4, 24, 31 and 38 were omitted 
from PCA since they retrieved no ancestry SNPs using the Miniplex. Results for the ancestry 
SNPs in the enrichment method (tri-allelic SNPs were excluded from PCA) using 368 
reference population genotypes and 36 study samples (Figure 3B, 3C, and 3D) shows the 
ancestry affiliation of the teeth and casework samples and are broadly consistent with Snipper 
predictions obtained using the enrichment method. Samples 31 and 36 were omitted from 
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PCA since no ancestry SNPs were retrieved. Samples 4 and 5 were further omitted from PCA 






























































































































































































































































































































































































































































































































































Further analysis of the samples in STRUCTURE shows the ancestry components described 
using both the Miniplex (Figure 4B), and the enrichment method (Figure 4D). STRUCTURE 
analysis of the five Miniplex SNPs shows the separation of the five reference population 
groups giving clear distinction of AFR, EUR and OCE populations, but overlapping patterns 
between AMR and EAS population groups (Figure 4A). Samples 4, 23, 24, 31 and 38 were 
omitted since no ancestry SNPs were recovered using the Miniplex. Average STRUCTURE 
population membership coefficients showed 31 out of 33 samples had EUR ancestry as their 
major ancestry component, one had AMR as the major ancestry component, and one had 
EAS as the major ancestry component (ancestry proportions given in Supplementary Table 
S6). 
STRUCTURE results for both reference population data and samples are broadly consistent 
with the PCA, and for Snipper predictions using the Miniplex, except for four samples. 
Sample 5, 16, 20 and 32 indicated a EUR major ancestry component in STRUCTURE, 
whereas Snipper predicted AFR ancestry for these four samples. STRUCTURE ancestry 
membership coefficients are detailed below in Table 7. 
Table 7. Population membership proportions of three samples that were predicted as AFR in Snipper but showed a EUR 




% AFR % AMR % EAS % EUR % OCE 
5 AFR 40.9 2.3 2.3 52.4 2.2 
16 AFR 41.7 1.9 2.2 52.5 1.73 
20 AFR 39.2 1.1 1.5 42.7 15.4 
32 AFR 38.7 7.6 13.2 38.9 1.5 
 
For the enrichment method, STRUCTURE analysis performed using 2x, 5x and 10x read 
depth SNP calling thresholds shows the ancestry components are broadly consistent with 
PCA and Snipper predictions. Samples 31 and 36 were omitted from analysis since no 
ancestry SNPs were retrieved at any of the read depth thresholds. Samples 4 and 5 were 
further omitted from CLUMPAK visualisation (grey bars) using a 5x read depth, and samples 
11, 15, 33, and 38 were further omitted from CLUMPAK visualisation (grey bars) using a 
minimum of 10x read depth.  
 
Average STRUCTURE population membership coefficients showed 31 out of 36 samples 
had EUR ancestry as their major ancestry component, three had AMR as their major ancestry 
component, and one each had EAS and OCE as their major ancestry component. One sample 
(sample 4), was not able to be predicted in Snipper but showed a major EUR ancestry 
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component at 31.7% in STRUCTURE. The remaining samples were consistent with Snipper 

















Figure 4. STRUCTURE analysis for reference population data and degraded study samples using the Miniplex (A & B) and 
enrichment method (C & D) at 2x, 5x and 10x read depth thresholds (K=5). Each vertical bar represents one individual. 
Samples are ordered according to Table 5. Samples 4, 23, 24, 31 and 38 were omitted from Miniplex analysis since no 
ancestry SNPs were recovered. Samples 31 and 36 were omitted from enrichment method analysis since no ancestry SNPs 
were recovered. AFR: African, AMR: Native America, EAS: East Asian, EUR: European, OCE: Oceanian. Grey bars 





























For male samples, comparison of Y-chr paternal ancestry (Table 4) and autosomal ancestry 
(Table 5) showed that continental ancestry predictions were consistent for all samples except 
sample 23. This sample, predicted as AMR in Snipper, was resolved into AMR and EUR 
ancestry components in STRUCTURE (AMR = 62.1%; EUR = 35.9%), but displayed a 
European Y-chr haplogroup using the enrichment method. These results indicate admixture 
between AMR and EUR ancestry for this sample. 
3.4 Phenotype 
3.4.1 Miniplex  
All three phenotype SNPs were obtained from 18 samples (47%). Twenty-eight out of 38 
samples retrieved sufficient SNPs to produce an eye colour prediction using the IrisPlex 
webtool. Of these 28 samples, 14 returned a ‘not brown’ eye colour result, and 14 were 
predicted as having brown eyes (Table 8). 
Ten samples did not retrieve SNP rs12913832, and consequently an eye colour prediction 
was not able to be made. The phenotype SNPs in the Miniplex were not chosen to 
differentiate between hair colour, so hair colour predictions were not made. 
3.4.2 Enrichment method 
All 23 phenotype SNPs were obtained from twelve samples (32%) using the enrichment 
method. Twenty-six samples were able to produce both an eye and hair colour prediction. 
Eye colour predictions are given in Table 8, and hair colour predictions are given in Table 9. 
Fourteen samples were predicted as having blue eyes, and the remaining twelve samples were 
predicted as having brown eyes. No intermediate eye phenotypes were predicted. Four 
samples (9, 13, 16, 22) could not be classified into an eye colour phenotype despite retrieving 
a moderate number of SNPs (21, 12, 14 and 16 SNPs out of 23 respectively) due to missing 
the rs12913832 SNP.  
On the basis of the HIrisPlex step-wise model for inferring ‘most probable hair colour’, 
eleven samples were predicted as having brown/dark-brown hair, six as blond/dark-blond, 
two as dark-brown/black, two as black, two as red, and one as blond hair.  
Twelve samples did not retrieve sufficient SNPs for both hair and eye colour prediction. 
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3.4.3 Comparison of the two methods 
All three phenotype SNPs targeted in the Miniplex were also included in the enrichment 
method. When comparing predictions from the Miniplex and the enrichment method for eye 
colour, all but one was concordant. Despite having concordant genotypes between the same 
loci, sample 7 was predicted as having brown eyes using the Miniplex but was predicted as 
having blue eyes when using the 23 SNPs obtained from the enrichment method. However, 
the predictions from both the Miniplex and enrichment method retrieved a probability below 
the current reporting threshold of <0.7 despite retrieving a full profile for each, and so 
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Environmentally challenged and degraded samples with low amounts of DNA can often fail 
to produce informative results with routine forensic genetic profiling due to high levels of 
damage and fragmentation. This study demonstrates the application of two recently 
developed SNP typing methods to various degraded and casework tooth and bone samples 
with extended post-mortem intervals in soil environments. The Miniplex recovers up to 18 
SNPs to enable broad inferences for ancestry, eye colour, mtDNA, sex and Y-chr lineage. 
Subsequently, our 124-SNP custom hybridisation enrichment panel allows fine-resolution 
inferences for ancestry, hair and eye colour, sex and Y-chr lineage for degraded and 
casework samples. Forensic intelligence information and evidence gained using these 
methods are useful both in the selection and prioritisation of probative samples for 
downstream analysis, and for use in forensic investigation of degraded remains where no 
other biological information can be gathered. 
Quantitative PCR (qPCR) assays are routine in forensic practice to determine the amount and 
suitability of a sample for STR typing (Lee et al. 2014). However, qPCR is an expensive, 
laborious and time-consuming process that is limited in comparatively assessing amplicons of 
varying sizes across mtDNA and nuclear targets in a simple assay. There is also no 
presumptive intelligence information that can be gained from these tests in order to screen 
samples based on biological profile. Hence, we used a combination of the Miniplex and 
Qubit quantification as an alternative to qPCR to determine sample quality and quantity prior 
to the application of hybridisation enrichment. The mitochondrial SNPs outperformed the 
nuclear markers, with full mitochondrial genotypes retrieved from all but one sample, 
compared with full nuclear SNP profiles from only a third of samples. This comparative 
assessment indicates advanced DNA degradation with limited availability of short nuclear 
DNA fragments, suggesting specialised methods such as hybridisation enrichment would be 
beneficial to recover nuclear SNPs. As the short DNA fragments (<128bp) targeted in the 
Miniplex were unable to be obtained from some samples, it is likely that current PCR-based 
MPS panels with SNP amplicons upwards of 200 bp would have limited success (Gettings et 
al. 2015; Churchill et al. 2016; Xavier & Parson 2017). The performance of the enrichment 
method to retrieve genetic information ranged from poor to obtaining full profiles and did not 
appear to be associated with DNA input. However, the performance of the enrichment panel 
generally aligned with SNP recovery using the Miniplex. That is, samples with no profile or 
partial Miniplex profiles retrieved either no, partial or full profiles using the enrichment 
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method, whereas those with high Miniplex success produced full profiles using the 
enrichment method. This demonstrates the value of the Miniplex in measuring DNA quality 
and predicting hybridisation enrichment success.  
Sufficient SNPs could not be retrieved from some samples to make inferences of ancestry, 
phenotype, or paternal lineage (and sex) using the enrichment method. The low number of 
unique reads and high levels of clonality seen for these samples, suggest that the availability 
of targets was exhausted during the laboratory workflow. Future optimisation of techniques 
to maximise endogenous DNA input either at the DNA extraction, library preparation or 
enrichment stage is recommended to improve the success of the hybridisation enrichment-
MPS strategy. The complexity and concentration of endogenous DNA used for library 
preparation appears to be the most critical factor influencing the success of genotyping by 
MPS techniques (Head et al. 2014; Sandoval-Velasco et al. 2017). The length of probe, 
variations of probe tiling and using RNA probes may also be viable adjustments to the 
hybridisation enrichment technique to explore (Cruz-Dávalos et al. 2017). However, 
compromised biological samples can contain short DNA fragments and a limited amount of 
starting material for genetic analysis (Dabney et al. 2013). In extreme cases, samples may 
only have the equivalent of a few intact diploid cells and any additional laboratory processing 
such as extraction, purification, library preparation and target enrichment could further 
reduce suitable DNA available for analysis due to inherent inefficiencies (van Oorschot et al. 
2003; Aigrain et al. 2016; Chung et al. 2016; Cruz-Dávalos et al. 2017). The results of one 
hair shaft sample (sample 38) which did not retrieve any SNPs using the Miniplex (mtDNA 
or nuclear), and only three SNPs using hybridisation enrichment, would suggest that this 
sample had minimal amounts of endogenous DNA. Optimisation of current methods or future 
technical development may not improve the recovery of, nor increase the depth of coverage 
of targets if the amount of DNA available in a sample is extremely low. This may be the case 
for some of the samples in this study that recovered no, or very few SNPs at a low read depth. 
Currently, there is no consensus with regards to read depth thresholds for SNP calling using 
MPS strategies amongst forensic practitioners, especially for hybridisation enrichment 
technologies where the removal of PCR duplicates is standard (Carpenter et al. 2013; 
Templeton et al. 2013; Samorodnitsky et al. 2015; García-García et al. 2016). The removal 
of duplicates, which can artificially inflate depth of coverage, prior to variant calling 
minimises the effect of PCR bias during library preparation, and reduces the risk of false 
positive calls (DePristo et al. 2011; Ebbert et al. 2016). In this study we measured SNP 
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typing success and resulting biological inferences based on three read depth thresholds after 
PCR duplicate removal. Low read depth coverage is a concern for genotype calling using 
MPS sequencing technologies given the risk of sequencing error and allele dropout. Although 
a higher read depth threshold is desired for the most confident SNP calling, in our study using 
a 10x threshold substantially reduced the number of SNPs from which interpretations could 
be made. Consequently, differing predictions for some samples were obtained at the 10x level 
with low statistical confidence compared to lower read depth thresholds, due to allele dropout 
with a higher read depth threshold. Future studies that focus on the application of various 
MPS typing methods on highly degraded casework samples are needed to reach a solid 
agreement on reporting criteria. It is important to emphasise the need for a standard set of 
guidelines that forensic investigators can use to report SNP data using MPS strategies (both 
PCR-based and alternative technologies). This is especially of concern for highly degraded 
casework samples where average read depth may be relatively low when removing PCR 
duplicates due to limited endogenous DNA content. 
In two instances, discordance was noted between the genotypes generated by the two 
different methods (one Y-chr at 5x in one sample, and one autosomal biogeographic SNP at 
80x read depth using MPS in another). A virtually even number of reads were obtained for 
the two alleles in the heterozygous biogeographic ancestry SNP using the hybridisation 
enrichment approach which could suggest dropout of one allele in the SNaPshot reaction. 
However, this did not result in conflicting biogeographic ancestry predictions for this sample. 
The discordant Y-chr SNP is more difficult to resolve given the sample showed high locus 
dropout and low read depth using both the Miniplex and enrichment method. The 
discrepancy could be due to SNaPshot mistyping or noise due to sub-optimal DNA input, or a 
result of sequencing error or incorrect read mapping using the enrichment method. The 
observation of discordant genotypes between SNaPshot and MPS has been demonstrated in 
previous studies, where it has been suggested that Sanger sequencing, or singleplex SNaPshot 
SNP typing of such loci can provide another avenue to assess genotype discrepancies (Daniel 
et al. 2015).  
The typing of Y-chr SNPs using both methods in this study was useful for resolving paternal 
lineages (and ancestry), and for sex determination. A total of 36 Y-chr markers were typed 
across the two methods, and in no instance was sex predicted incorrectly for known female or 
male samples using either method. The only instances where sex could not be confidently 
predicted were for samples which lacked sufficient SNP data. Overall the results indicate that 
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the two methods are able to correctly identify sex in degraded samples. Owing to the larger 
number of Y-chr SNPs in the enrichment method, samples were able to be resolved into more 
specific Y-chr haplogroups than the Miniplex, allowing for finer resolution geographical 
affiliation of paternal lineages (i.e. Miniplex haplogroup ‘Not D, E, C, R, O’ into haplogroup 
G). For all samples where a Y-chr haplogroup was allocated using both methods, all 
assignments were phylogenetically concordant, indicating the methods are successfully able 
to infer paternal lineage in degraded samples for intelligence testing. 
The assignment of biogeographic ancestry using the Miniplex and the enrichment method 
was generally concordant. However, five samples had conflicting predictions. Four of these 
samples generated a limited number of SNPs and very low and unreliable likelihood ratios 
using the Miniplex compared to the enrichment method. This result is not only influenced by 
the small number of SNPs available from the Miniplex for analysis, but also by the shared 
demographic history between some populations shown in previous studies where some alleles 
can exist in similar frequencies across both populations (Galanter et al. 2012; de la Puente et 
al. 2016). The final sample obtained a very small number of SNPs using both methods and 
had very weak likelihood ratios for both predictions and therefore could not be confidently 
assigned ancestry using any classification system. The combined use of Snipper, 
STRUCTURE and PCA in parallel has been advocated by ancestry analysis studies (de la 
Puente et al. 2016; Phillips et al. 2009) previously. Not unexpectedly, using the enrichment 
method generated a much higher number of SNPs and, therefore, higher likelihoods of 
ancestry assignment than the Miniplex. As the Miniplex was designed as a screening tool for 
broad ancestry predictions, inferences made using this panel should not be considered as final 
and should be followed by confirmatory ancestry testing (in this case, the enrichment 
method) for reporting of results. Overall, this study demonstrated the value of the two 
methods for inferring biogeographic ancestry in compromised samples to aid in forensic 
investigations. 
A number of samples were able to return an eye or hair colour prediction using both methods, 
however problems arose for samples that, despite having an almost full profile, were missing 
SNPs that are the most informative for particular traits. For example, samples missing the 
rs12913832 SNP were unable to be assigned to an eye colour class using either method, even 
for samples retrieving up to 21 out of the 23 phenotype markers. The rs12913832 exists as 
one of the strongest predictors of eye colour (Sulem et al. 2008; Walsh et al. 2013), and the 
current IrisPlex and HIrisPlex model for inferring eye colour does not allow a classification if 
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this SNP is absent from the genotype. Considering that many of the phenotype markers are 
linked and existing on the same pigmentation genes, the single-tiled design of our MPS 
method results in a single probe to target multiple HIrisPlex SNPs (e.g. one probe targeting 
six phenotype SNPs on chromosome 16) (Chapter 3). A substantial loss in data could occur if 
this single probe in unsuccessful and will be detrimental to the prediction model to infer hair 
and eye colour. As a recommendation, it may be beneficial to use a tiled approach 
demonstrated in previous studies to increase the likelihood of enriching for multiple loci 
covered by a single probe (Cruz-Dávalos et al. 2017). Despite retrieving all targeted 
phenotype SNPs, eye colour predictions for two samples returned a statistical value lower 
than the suggested reporting threshold of 0.7 (Walsh et al. 2012; Walsh et al. 2014). This 
suggests a limitation with the current HIrisPlex SNP panel and prediction model already 
established rather than a limitation of the enrichment method used in this study. So far, only 
samples from European populations have been used to develop the prediction model (Walsh 
et al. 2014). Including samples of non-European origin will be beneficial in additional studies 
using the HIrisPlex system for model refinement. Further developments in DNA phenotyping 
and the identification of new pigmentation variants can also be included in the customisable 
enrichment panel in the future to improve the prediction of hair and eye colour.  
Discussions on the use of ancestry testing for forensic intelligence have advocated for a more 
holistic genetic approach for determining biogeographic ancestry (Lao et al. 2010; Phillips 
2015). The concerns around using a single biological query alone for determining ancestry 
has been demonstrated in previous studies (Phillips et al. 2009; Freire-Aradas et al. 2014), 
and combining uni-parental markers (Y-chr and mtDNA) with autosomal markers can better 
resolve ancestry classifications and admixture (Lao et al. 2010). The techniques in this study 
addressed this issue by combining multiple marker types for forensic ancestry information. In 
the present study, a sample indicating autosomal American ancestry with admixture from 
Europe was shown to carry a European paternal lineage using the enrichment method. The 
Miniplex inferred a broad mtDNA haplogroup spanning Eastern Eurasia, Southern Asia, 
Native America and Oceania (Bandelt et al. 2003; Quintana-Murci et al. 2004; Merriwether 
et al. 2005; Marrero et al. 2016), further confirming the contribution of multiple ancestral 
gene pools in this individual. Regardless of whether an individual has admixed ancestry, the 
genotyping of multiple marker types in both the Miniplex and enrichment panel adds extra 
components of genetic information through which a confident ancestry prediction can be 
made. The inclusion of mtDNA (in the Miniplex) and Y-chr SNPs in both the Miniplex and 
enrichment panel provides one (for females), or two (for males) possible independent sources 
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of ancestry inference which can help overcome the limitations of using autosomal SNPs 
alone. Combing multiple marker types in single panels also reduces the costs and labour 
demands of performing multiple independent tests each focusing on a single marker type and 
can also aid in minimising contamination risks during the workflow.  
 
Overall, the results of this research suggest that the combined approach of the Miniplex and 
hybridisation capture panel holds potential to triage degraded samples for successful SNP 
typing, and to provide informative analysis of SNPs for intelligence information from 





In this study we applied two recently developed SNP typing approaches for estimating 
sample degradation and broad biological profile, and to retrieve forensically relevant 
intelligence SNPs for more specific inferences of biogeographic ancestry, paternal lineage, 
sex, and hair and eye colour from degraded and casework samples. We show the utility of 
this approach for obtaining intelligence data to aid in forensic investigations of degraded, 
historical and cold case samples including human hair and skeletal remains. However, the 
developing field of massively parallel sequencing for forensic purposes requires standard 
guidelines for the analysis and interpretation of sequencing data to maintain uniformity 
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7. Supplementary Files 
 
Supplementary File S1. Details of the 402 reference samples from five population groups across the 1000 Genomes and 
HGDP-CEPH datasets used for comparison to Miniplex data. All genotypes are provided in the strand direction of primers 
used in the Miniplex for direct comparison (provided as an electronic file on USB Drive). 
 
Supplementary File S2. Details of the 368 reference samples from five population groups across the 1000 Genomes and 
HGDP-CEPH datasets used for comparison to MPS data. All genotypes are presented in forward direction (provided as an 



















































Supplementary Table S3. Final DNA input amount for Miniplex PCR and hybridisation enrichment reactions for 38 
degraded teeth and casework samples. Input for Miniplex PCR was quantified using Qubit High Sensitivity assay on DNA 
extracts. Input for hybridisation enrichment reactions was quantified using Qubit High Sensitivity assay on DNA library 
preparation products. 
 
Sample  Sex Sample Type Sample Description 
DNA Input for 
Miniplex (ng) 
DNA Input for 
Enrichments (ng) 
1 Male Degraded Teeth Tooth 36.2 310.2 
2 Female Degraded Teeth Tooth 0.723 322.4 
3 Female Degraded Teeth Tooth 26.6 303.6 
4 Male Degraded Teeth Tooth 0.128 6.2 
5 Male Degraded Teeth Tooth 0.097 390 
6 Male Degraded Teeth Tooth 0.336 212.7 
7 Female Degraded Teeth Tooth 0.812 317.2 
8 Female Degraded Teeth Tooth 0.13 507 
9 Female Degraded Teeth Tooth 0.404 122.7 
10 Female Degraded Teeth Tooth 0.297 439.4 
11 Male Degraded Teeth Tooth <0.5 145.6 
12 Male Degraded Teeth Tooth 0.493 327.6 
13 Female Degraded Teeth Tooth 1.14 429 
14 Female Degraded Teeth Tooth 0.505 314.6 
15 Female Degraded Teeth Tooth 0.401 83 
16 Female Degraded Teeth Tooth 0.598 189.8 
17 Female Degraded Teeth Tooth 0.283 260 
18 Female Degraded Teeth Tooth 0.188 325 
19 Male Degraded Teeth Tooth 0.552 341.9 
20 Male Degraded Teeth Tooth 0.722 249.6 
21 Male Degraded Teeth Tooth 0.638 122.84 
22 Male Degraded Teeth Tooth 1.03 390 
23 Male Degraded Teeth Tooth <0.5 358.8 
24 Male Degraded Teeth Tooth <0.5 197.6 
25 Female Degraded Teeth Tooth 0.507 444.6 
26 Male Degraded Teeth Tooth 0.139 546 
27 Female Degraded Teeth Tooth 0.36 553.8 
28 Female Degraded Teeth Tooth 0.125 451.8 
29 Female Degraded Teeth Tooth 0.167 403 
30 Male Degraded Teeth Tooth 0.102 325 
31 UNK Casework Bone 0.154 23.33 
32 UNK Casework Bone 0.238 516 
33 UNK Casework Bone 0.506 501 
34 UNK Casework Bone 0.408 504 
35 UNK Casework Bone 0.671 513.6 
36 UNK Casework Bone 0.263 46.4 
37 Male Casework Anagen hair 0.392 504 
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Supplementary File S5. Inferred predictions for 38 degraded teeth and casework samples using the Miniplex and 
enrichment panel at 2x, 5x, and 10x coverage thresholds. Maximum number of ancestry SNPs that can be obtained from the 
Miniplex is five. Maximum number of ancestry SNPs for enrichment panel is 67. Maximum number of phenotype SNPs that 
can be obtained from Miniplex is three. Maximum number of phenotype SNPs for enrichment panel is 23. Maximum 
number of Y-chr SNPs that can be obtained from Miniplex is five. Maximum number of Y-chr SNPs for enrichment panel is 
35. 'NA' denotes samples were no prediction could be made due to a lack of SNPs. (provided as an electronic copy on USB 
drive). 
 
Supplementary File S6. Major ancestry component and average population membership proportions from STRUCTURE 
analysis of 38 degraded teeth and casework samples using the Miniplex and enrichment panel at 2x, 5x, and 10x read depth 
thresholds (K = 5). Maximum number of ancestry SNPs that can be obtained using the Miniplex is five. Maximum number 
of SNPs for enrichment panel is 67. 
 
Sample Coverage SNPs Major Ancestry AFR % AMR % EAS % EUR % OCE % 
1 
Miniplex 5 EUR 1.23 0.67 0.93 96.50 0.70 
2x 64 EUR 0.73 0.23 0.20 91.87 6.93 
5x 64 EUR 0.63 0.30 0.20 91.97 6.93 
10x 64 EUR 0.53 0.27 0.13 92.07 6.93 
2 
Miniplex 3 EUR 1.23 0.87 1.07 95.93 0.83 
2x 67 EUR 1.70 1.03 4.07 89.27 3.97 
5x 67 EUR 2.07 22.07 0.20 74.87 0.80 
10x 67 AFR 40.43 18.07 2.30 23.10 16.07 
3 
Miniplex 5 EUR 1.13 0.63 0.87 93.43 3.93 
2x 64 EUR 1.90 1.10 3.33 90.37 3.30 
5x 64 EUR 1.67 1.23 4.03 89.97 3.13 
10x 64 EUR 1.87 1.20 3.67 90.27 3.00 
4 
Miniplex 0 NA - - - - - 
2x 1 EUR 1.53 21.63 25.80 31.73 19.27 
5x 0 NA - - - - - 
10x 0 NA - - - - - 
5 
Miniplex 2 EUR 43.17 2.20 2.33 50.53 1.87 
2x 4 EUR 23.40 1.17 1.07 73.97 0.40 
5x 0 NA - - - - - 
10x 0 NA - - - - - 
6 
Miniplex 2 EUR 2.23 1.13 1.57 93.73 1.33 
2x 67 EUR 0.43 1.40 0.20 96.40 1.53 
5x 67 EUR 1.63 1.10 4.47 89.10 3.77 
10x 65 EUR 1.97 1.27 4.30 89.00 3.47 
7 
Miniplex 5 EUR 1.23 0.63 0.90 96.50 0.70 
2x 67 EUR 0.20 0.10 0.10 99.43 0.13 
5x 67 EUR 0.27 0.10 0.20 99.33 0.17 
10x 67 EUR 0.20 0.10 0.13 99.40 0.13 
8 
Miniplex 4 AMR 2.67 53.13 33.43 3.37 7.37 
2x 61 AMR 0.47 60.63 25.43 13.17 0.33 
5x 33 AMR 0.50 95.93 2.43 0.80 0.33 
10x 5 AMR 1.93 71.83 2.10 23.03 1.17 
9 
Miniplex 2 EAS 17.10 28.93 29.40 5.10 19.47 
2x 55 AMR 0.63 85.53 0.97 12.63 0.27 
5x 29 AMR 1.90 68.07 4.50 24.83 0.73 
10x 17 AMR 0.80 90.27 3.17 5.20 0.53 
10 
Miniplex 4 EUR 1.33 1.07 1.57 95.33 0.73 
2x 67 EUR 0.43 0.23 0.10 93.27 5.93 
5x 67 EUR 0.37 0.20 0.13 93.10 6.17 
10x 40 EUR 0.20 0.10 0.13 85.60 13.93 
11 
Miniplex 3 EUR 2.30 0.93 0.97 94.93 0.80 
2x 23 EUR 3.83 0.80 3.40 90.63 1.40 
5x 11 EUR 0.60 0.30 0.63 97.57 0.97 
10x 0 NA - - - - - 
12 
Miniplex 5 EUR 1.20 0.70 0.90 96.47 0.77 
2x 67 EUR 0.10 0.10 0.10 99.57 0.10 
5x 67 EUR 0.13 0.10 0.10 99.57 0.10 
 156 
10x 67 EUR 0.10 0.10 0.10 99.60 0.10 
13 
Miniplex 2 EUR 2.67 2.00 2.63 60.23 32.43 
2x 48 EUR 0.20 0.23 10.83 87.73 1.00 
5x 28 EUR 0.20 0.57 16.57 82.03 0.60 
10x 7 EUR 0.57 2.67 0.60 94.50 1.67 
14 
Miniplex 5 EUR 1.30 0.70 0.90 96.43 0.67 
2x 67 EUR 0.10 0.20 1.80 97.67 0.23 
5x 64 EUR 0.30 0.30 1.00 98.17 0.20 
10x 40 EUR 0.27 0.27 0.87 98.40 0.13 
15 
Miniplex 2 EUR 2.30 1.80 2.00 93.17 0.80 
2x 47 EUR 0.10 0.60 9.80 89.23 0.27 
5x 13 EUR 0.37 0.43 10.90 87.30 1.03 
10x 0 NA - - - - - 
16 
Miniplex 1 EUR 41.67 1.93 2.20 52.47 1.73 
2x 32 EUR 1.70 12.03 0.70 85.23 0.27 
5x 9 EUR 4.10 14.43 6.57 73.47 1.47 
10x 2 OCE 2.53 23.77 10.13 8.43 55.13 
17 
Miniplex 3 EUR 1.20 1.63 1.97 94.40 0.83 
2x 65 EUR 0.13 0.10 2.90 96.47 0.40 
5x 56 EUR 0.17 0.13 3.70 95.13 0.83 
10x 24 EUR 0.43 0.20 6.83 90.77 1.77 
18 
Miniplex 2 EUR 2.20 1.00 1.00 94.27 1.53 
2x 46 EUR 0.67 0.17 0.17 97.37 1.63 
5x 11 EUR 1.37 0.67 1.00 95.73 1.30 
10x 1 AFR 37.07 1.23 17.90 27.07 16.73 
19 
Miniplex 5 EUR 1.27 0.73 0.93 96.40 0.67 
2x 67 EUR 0.27 0.20 0.30 99.13 0.10 
5x 67 EUR 0.23 0.20 0.27 99.17 0.10 
10x 67 EUR 0.20 0.20 0.23 99.23 0.10 
20 
Miniplex 2 EUR 39.23 1.10 1.50 42.67 15.43 
2x 14 EUR 0.33 0.33 0.27 98.87 0.20 
5x 5 EUR 1.47 0.57 0.97 83.07 13.97 
10x 2 AFR 65.13 1.17 2.07 23.50 8.10 
21 
Miniplex 5 EUR 1.17 0.67 0.83 96.60 0.73 
2x 64 EUR 0.67 0.10 0.20 97.63 1.40 
5x 63 EUR 0.73 0.13 0.17 97.50 1.47 
10x 41 EUR 1.43 0.17 0.20 96.60 1.57 
22 
Miniplex 5 EUR 1.17 0.67 0.83 96.60 0.73 
2x 38 EUR 0.67 0.10 0.20 97.63 1.40 
5x 16 EUR 0.73 0.13 0.17 97.50 1.47 
10x 1 AFR 1.10 1.53 2.07 94.57 0.80 
23 
Miniplex 0 NA - - - - - 
2x 67 AMR 0.20 62.13 0.37 35.97 1.33 
5x 58 AMR 0.23 57.57 0.53 38.27 3.40 
10x 20 AMR 2.13 75.57 2.43 17.23 2.60 
24 
Miniplex 0 NA - - - - - 
2x 19 EUR 30.80 5.67 3.80 59.33 0.37 
5x 6 EAS 4.40 20.03 65.50 8.47 1.67 
10x 2 AMR 10.07 70.07 14.20 3.77 1.90 
25 
Miniplex 5 EUR 1.03 0.67 0.87 93.73 3.70 
2x 67 EUR 0.23 0.23 0.27 99.03 0.20 
5x 67 EUR 0.20 0.30 0.23 99.03 0.23 
10x 67 EUR 0.20 0.23 0.20 99.10 0.20 
26 
Miniplex 1 EUR 2.23 1.60 1.97 92.70 1.47 
2x 4 EUR 7.57 3.00 9.40 77.77 2.27 
5x 2 AFR 71.37 1.77 3.13 20.47 3.30 
10x 2 AFR 69.70 1.67 3.37 21.90 3.37 
27 
Miniplex 5 EUR 1.27 0.70 0.80 96.50 0.67 
2x 67 EUR 0.20 0.17 0.20 99.20 0.20 
5x 67 EUR 0.17 0.17 0.23 99.27 0.17 
10x 65 EUR 0.10 0.17 0.27 99.37 0.10 
28 Miniplex 5 EUR 1.17 0.70 1.03 96.30 0.83 
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2x 67 EUR 0.30 0.27 1.07 98.20 0.17 
5x 67 EUR 0.37 1.40 0.23 96.33 1.67 
10x 67 EUR 0.37 1.30 0.20 96.13 1.93 
29 
Miniplex 1 EUR 1.10 1.73 2.10 93.47 1.53 
2x 65 EUR 0.17 0.80 12.53 86.37 0.13 
5x 52 EUR 0.20 0.50 17.20 81.97 0.13 
10x 18 EUR 1.73 1.40 2.60 93.20 1.07 
30 
Miniplex 4 EUR 0.10 0.17 11.33 87.93 0.43 
2x 67 EUR 0.17 0.17 10.13 88.70 0.83 
5x 67 EUR 0.13 0.23 9.90 88.97 0.77 
10x 66 EUR 1.10 0.90 1.03 96.13 0.77 
31 
Miniplex 0 NA - - - - - 
2x 0 NA - - - - - 
5x 0 NA - - - - - 
10x 0 NA - - - - - 
32 
Miniplex 2 EUR 38.70 7.60 13.17 38.93 1.53 
2x 15 EUR 0.73 0.23 0.40 98.17 0.47 
5x 5 EUR 1.17 1.50 22.63 73.87 0.77 
10x 1 AFR 32.33 19.13 17.60 29.40 1.53 
33 
Miniplex 1 EUR 2.23 20.53 24.00 33.73 19.50 
2x 34 EAS 0.20 0.23 98.93 0.20 0.40 
5x 10 EAS 1.10 1.60 87.90 8.43 0.93 
10x 0 NA - - - - - 
34 
Miniplex 5 EUR 1.30 0.70 0.97 96.33 0.70 
2x 64 EUR 2.13 0.60 0.80 96.07 0.47 
5x 60 EUR 2.10 0.73 1.03 95.60 0.53 
10x 43 EUR 3.67 0.67 1.33 93.53 0.83 
35 
Miniplex 5 EUR 1.17 0.70 0.87 96.60 0.67 
2x 66 EUR 0.20 0.10 0.10 99.53 0.10 
5x 55 EUR 0.23 0.10 0.13 99.43 0.10 
10x 28 EUR 0.30 0.20 0.23 99.03 0.20 
36 
Miniplex 3 EUR 1.17 0.67 0.87 96.00 1.27 
2x 0 NA - - - - - 
5x 0 NA - - - - - 
10x 0 NA - - - - - 
37 
Miniplex 2 EUR 2.30 1.53 2.07 93.30 0.77 
2x 46 EUR 0.87 0.10 0.27 98.47 0.30 
5x 17 EUR 2.67 0.20 0.37 96.33 0.37 
10x 4 EUR 2.37 0.77 1.00 94.83 1.03 
38 
Miniplex 0 NA - - - - - 
2x 2 OCE 41.23 1.97 1.67 1.73 53.40 
5x 1 NA 29.37 21.00 27.43 4.07 18.13 
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Efforts to repatriate the remains of deceased Australian military personnel from World War I 
and II are hindered by a lack of contemporaneous biogeographic ancestry data for the 
Australian population. Extensive post-mortem damage and loss of anthropologically-
informative skeletal elements limits identification of remains using traditional forensic 
methods such as short tandem repeat (STR) analysis, anthropology and odontology. 
Therefore, alternative DNA analyses are required to predict the biogeographic ancestry of 
remains to distinguish Australian soldiers in the first instance. This is a crucial step towards 
the correct repatriation and subsequent positive identification of remains. However, the 
biogeographic ancestry composition of the Australian population during the early 20th 
Century is largely unknown, and this may impact on the accuracy and reliability of sorting of 
recovered remains based on genetic ancestry. This study details the construction of the 
Historical Australian DNA Database (HADD), designed to resolve the genetic ancestry 
components of the historical Australian wartime population using mtDNA control region data 
and autosomal ancestry SNPs. An initial set of 259 individuals was analysed and was found 
to have predominantly European ancestry, with the true proportion of non-European ancestry 
in the Australian population before 1945 likely to be up to 2.8%. Based on autosomal SNP 
data, no sample was predicted to be predominantly non-European, whilst for mtDNA two 
samples carried non-European haplogroups, namely Australian Aboriginal S1 and Native 
American founder lineage B2d. Our results demonstrate the value of a multi-faceted approach 
to biogeographic ancestry prediction and the power of combining lineage and autosomal data. 
This approach has produced new ancestry data and generates the foundations of the first 
multi-gene historical DNA database for Australia. This database allows for a greater 
understanding of genetic admixture in the Australian population during the World War eras 
and can be used to objectively evaluate results from ancestry identification of Australian 
historical remains. 
 
Keywords: forensic database, historical Australian population, mtDNA, autosomal ancestry 








Australia’s involvement across both World War I (WWI, 1914-18) and World War II (WWII, 
1939-1945) saw almost 1.5 million men and women serving. Australian forces participated in 
numerous campaigns across Europe, Northern Africa and close to Australian shores against 
Japanese forces in the Asia-Pacific region. Although experiencing many victories, battles 
were costly with over 100 thousand casualties in the Australian War Memorial Roll of 
Honour (Australian War Memorial 2017a). Such was the nature of the wars that large 
numbers of casualties were buried in unmarked graves, as unidentified servicemen in 
Commonwealth war graves or were never recovered due to difficult terrain or dangerous 
battle environments. Consequently, a significant number of servicemen are still reported as 
missing (assumed deceased). Although there is no official figure, approximately 35,000 
Australian servicemen from WWI and WWII are estimated to rest in unmarked graves or 
unknown burial sites (Department of Veterans Affairs 2016). The Australian Defence Force 
(ADF) continues to investigate the discovery of human remains across historic battlefields in 
an effort to repatriate and identify fallen Australian servicemen from various conflicts. 
 
Identification of remains is the ultimate goal of all war dead recovery efforts. However, 
positive identification of remains is a difficult and complex process that is hampered by the 
time elapsed since death (>70 years), and difficulty in locating ante-mortem information and 
family relatives for comparison. Furthermore, the long post-mortem interval and sub-optimal 
preservation conditions lead to severe degradation of biological remains, often combined 
with scattering, co-mingling and predation. Typically, the first step in the identification 
process relies on determining whether or not remains may belong to an Australian soldier. 
This process can be assisted by estimating the geographic origin or biogeographic ancestry. 
Remains believed to be of an allied or enemy soldier are respectfully repatriated to relevant 
governments, while those thought to belong to Australian soldiers are retained for further 
identity testing. Accurate determination of biogeographic ancestry is a critical part of the 
repatriation process to ensure remains are correctly returned to their country of origin. 
 
Current forensic methods of identification are often limited in their ability to classify or 
group historical remains into a country of origin. Where possible, conventional methods of 
identification based on anthropology and dental records are used but rely on the presence of 
diagnostic body features such as the skull and teeth which are often not available. For 
ancestry determination, variation between ethnic/ancestral groups manifests as morphological 
differences in cranial features (Church 1995) and dental characteristics (Yaacob et al. 1996; 
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Edgar 2013). Personal effects and artefacts such as dog tags, uniforms and weapons can also 
assist in identification, or at least inform from which of the armed forces they may belong to. 
However, close quarters combat can make distinguishing between individuals extremely 
difficult due to widespread co-mingling. Additionally, remains can be fragmentary and 
dispersed due to removal from their original resting place by locals and/or predators. In these 
circumstances, such methods are of limited value, resulting in a reliance upon DNA-based 
techniques.  
 
Ancestral population groups exhibit genetic variation between each other, allowing 
distinction based on geographic origin (Phillips 2015; de la Puente et al. 2016). DNA-based 
methods for ancestry determination include mitochondrial DNA sequencing (mtDNA), single 
nucleotide polymorphisms (SNPs), and Y chromosome analysis. Autosomal ancestry 
informative markers (AIMs) are SNPs exhibiting highly contrasting allele frequencies 
between populations, thus enabling the inference of continental or regional origin. SNPs 
informative for ancestry also exist on mtDNA and the Y-chr and can place an individual into 
a haplogroup (Hg) which historically had restricted geographical distributions. Autosomal 
AIMs are inherited with recombination, representing input from both maternal and paternal 
lineages which can be useful in cases of ancestry admixture, while mtDNA and Y-chr SNPs 
infer the ancestry of either the maternal or paternal lineages alone. Biogeographical 
intelligence can provide valuable information for investigative leads when other avenues for 
biological profiling are exhausted (Fondevila et al. 2008; Phillips et al. 2009). Since 
determining country of origin is a critical part of the identification process of military 
remains, the recovery and analysis of a range of ancestry information, both genetic and 
physical is important for more reliable repatriation of unidentified servicemen.  
 
The strength of any genetic profiling method for forensic testing relies on the comparison to 
population databases to estimate the frequency (or rarity) of seeing a particular DNA profile 
or haplogroup within a population, as a way to evaluate the ‘weight’ or confidence of results 
obtained (Steele & Balding 2014). Typically, a forensic database is created by generating 
DNA profiles from a random and representative sample of the population of interest. 
Australia has population databases for STR markers used in forensic investigation (Taylor et 
al. 2017), however no such databases relevant to an Australia population currently exist for 
either mtDNA or SNPs that are increasingly used in casework involving degraded DNA. 
Currently, mtDNA haplotype matches are evaluated against the EMPOP mtDNA population 
database (Parson & Dur 2007), which, at this time, does not include Australian samples, and 
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hence has limited use for Australian casework as it may not accurately capture the extent of 
genetic variation within the population. Similarly, SNPs that infer autosomal and Y-chr 
ancestry have also not been examined in a representative Australian population. The lack of 
such databases, both for the current and historical Australian population, limits the level of 
confidence that can be placed on assignment of country of origin and in an extreme case, 
could potentially risk erroneous repatriation. 
 
To accurately determine using DNA technologies that remains recovered from historical 
battlefields belong to an Australian soldier, an understanding of the genetic ancestry 
components in the Australian population before the close of WWII in 1945 is needed. It is 
generally believed that all Australian servicemen serving across both world wars would carry 
exclusively European genetic ancestry because the Commonwealth Defence Act in 1909 
('Defence Act '  1909) excluded any person not “substantially of European origin or descent” 
from enlisting with the Australian defence forces. However, the Aboriginal population of 
Australia prior to European arrival may have been as high as 750,000, and census records 
from 1911 and 1933 indicate a number of non-European ancestries present in Australia 
before 1945. In 1911 for example, 0.79% of males with non-European ancestry (full-blood) 
were recorded, with a further 0.17% recorded as ‘half-caste’ non-European ancestry in 1911 
and 0.32% in 1933, indicating small amounts of genetic admixture (Australian Bureau of 
Statistics 1911, 1933). Notable migration events include the 1850’s gold rush, where almost 
12,000 Asian migrants arrived in Australia for mining (Gittins 1981) and rose up to 
approximately 37,000 by 1861 (Choi 1971), and the ‘Afghan Cameleers’ which saw 
approximately 2 - 3 thousand cameleers from India, Pakistan, Egypt, Persia, and Turkey 
arrive in Australia in the 1860’s with working camels to develop and settle arid landscapes of 
Australia (Jones & Kenny 2007). During these times, interracial relationships occurred 
(Parkes 2009), also giving rise to descendants of admixed ancestry. Hence, the Australian 
population during the world wars could have been much more diverse in genetic ancestry 
than previously assumed, and those serving for Australia may have carried non-European 
ancestral DNA. 
Considering the number of individuals of non-European origin residing in Australia before 
and during WWI and WWII, ancestry admixture could be a real possibility in those serving 
for Australia. Although the Defence Force did adopt a policy preventing those who were ‘not 
substantially of European origin or descent’ from enlisting (Defence Act 1909), there was no 
real way of knowing the extent of genetic admixture in individuals during this time, 
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especially since the race of enlistees was not recorded (Riseman 2013). Furthermore, a 
change of instructions in 1917 meant that an applicant with one parent of European origin 
was sufficient for enlistment (Military Order No. 200, 1917), with the aim to replace 
casualties lost during WWI. While by no means an exhaustive list, the WWII Nominal Roll 
(nominal-rolls.dva.gov.au/ww2), which records information regarding enlisted servicemen 
from WWII conflicts, including ‘Country’ and ‘Place of Birth’ outside Australia provides 
further possible evidence of ancestry admixture within the Australian wartime population 
(Table 1). 
 




Hong Kong 112 
Macau 2 
Thailand 1 




Table 1. Examples of servicemen records for enlisted individuals born outside of Australia and Europe 
                  from the WWII Nominal Roll. 
 
Additionally, there are well documented instances where individuals with non-European 
heritage served for Australia, such as William ‘Billy’ Sing in WWI, a celebrated Sniper born 
to an English mother and Chinese father (Kennedy 2013). Captain Reginald Walter Saunders, 
commanding rifleman who served in the 2/7th battalion in New Guinea and his younger 
brother, also served in WWII along with the estimated 4000 other Aboriginal Australians 
across both world wars (Department of Veterans Affairs 2017; Australian War Memorial 
2017b). Despite written evidence for non-European ancestry, the full extent of genetic 
admixture within those who served is largely unknown. As an extension, it is important to 
understand the ancestry components in the population to recognise the implications it may 
pose on biogeographic ancestry testing of recovered remains from historical conflicts.  
The modern Australian population is likely to exhibit very different genetic composition than 
the early- to mid-1900s due to continued immigration since this time. Therefore, a population 
sample taken from the broader community at present would not accurately reflect frequency 
data in the population during WWI and WWII. There is a need for a representative 
population database to objectively evaluate the results obtained from forensic analysis of 
historical military remains. 
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In this study, the Australian Historical DNA Database (HADD), the first of its kind, was 
established as a reference database to allow for estimations of ancestry proportions in the 
Australian wartime population, using samples from members of the public who represent the 
Australian population before 1945. We investigated mtDNA ancestry by sequencing the 
mtDNA control region, and autosomal ancestry using a 31-plex SNP typing tool that 
distinguishes between five major continental ancestries. Data generated was collated into a 
frequency database to estimate the proportions of different ancestral groups in the Australian 
population during WWI and WWII. This database has the ability to complement and support 
current ancestry testing of degraded military remains recovered across historical battlefields, 
revealing which ancestries individuals could have carried in their DNA and ultimately 
improving the interpretations made from forensic testing of recovered remains.  
 
 
Materials and Methods  
 
Sample Collection 
Over 800 samples were collected to represent the Australian population before the end of 
WWII in 1945, and the subsequent immigration from Eastern and Southern Europe (1945 
onwards), South-East Asia (following the Vietnam War) and the Middle-East and Africa 
(1990’s to present). Inclusion into the database required donors to be unrelated to one another 
(by checking genealogical information recorded by volunteers), born in Australia before 1945 
or a direct descendant of people resident in Australia during this time (Supplementary File 
S1). DNA donors provided their year and place of birth, and the year and place of birth for 
their parents and grandparents (both maternal and paternal, if known). 
 
Samples were self-collected via buccal swabs transferred onto FTA Indicating Micro cards. 
Ethical approval was granted by the University of Adelaide Human Research Ethics 
Committee (H-2015-120). All individuals gave written informed consent. Anonymity of the 
donors was preserved by use of unique laboratory codes. 
 
DNA Extraction  
DNA was extracted from a 5 mm2 punch of FTA cards using the Chelex method (Walsh et al. 
1991), QIAamp DNA Mini Kit (Qiagen, Hagen, Germany) or Charge Switch Forensic DNA 
Purification kit (Thermo Fisher Scientific Inc., Forster City, USA). Chelex extractions were 
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performed by washing the FTA card punch in 1 ml of DNA-free water, then transferring the 
punch to 200uL of 5% Chelex (Bio-Rad Laboratories, Hercules, USA), in 1X TE buffer in a 
0.5 mL tube. The punch/Chelex solution was vortexed for 10 seconds, incubated at 100°C for 
8 minutes, vortexed for 10 seconds and centrifuged at 20,000 rpm for 1 minute. A 150 uL 
aliquot of the supernatant was transferred to a 1.5 mL screw-cap tube. The QIAamp and 
Charge Switch extractions were performed according to manufacturer’s instructions with the 
exception of a double elution of 75 uL of buffer for a total of 150 uL per sample.  
 
mtDNA control region sequencing 
Amplification of the mtDNA control region (16024-576) was performed in two separate PCR 
reactions targeting overlapping amplicons using primers L15996 (Vigilant et al. 1991) and 
H48 (unpublished) for amplicon one, and L16515 (unpublished) and H549 (Edson et al. 
2004) for amplicon two (Table 2). The reverse primer for amplicon two was subsequently 
changed to H580 (Edson et al. 2004) to anneal outside the control region for full coverage. 
To facilitate direct sequencing of PCR products, forward primers were tagged with 16 
nucleotides of the M13 forward sequence, and reverse primers were tagged with 17 
nucleotides of the reverse M13 sequence.  
 
Amplicon Primer Sequence (5’ – 3’) Length 
1 M13_L15996 GTAAAACGACGGCCAGCTCCACCATTAGCACCCAAAGC  
 M13_H48 CAGGAAACAGCTATGACCCCCCAGACGAAAATACCAAATG 665 
2 M13_L16515 GTAAAACGACGGCCAGATCCGACATCTGGTTCCTACTTCA  
 M13_H549 CAGGAAACAGCTATGACGGTGTATTTGGGGTTTGGTTG 646 
 M13_H580 CAGGAAACAGCTATGACTTGAGGAGGTAAGCTACATA 676 
Table 2. PCR primer sequences used to amplify the mtDNA control region in two overlapping amplicons. Nucleotides in 
bold indicate M13 sequence. Amplicon length includes primer sequences. 
 
PCR amplification was performed on 2 uL of DNA extract in a final reaction volume of 25 
uL comprising 1x HiFi buffer, 2 mM MgSO4, 250 nM of each dNTP, 200 nM of each primer, 
and 0.5 U of Platinum Taq DNA Polymerase High Fidelity (Thermo Fisher Scientific Inc., 
Forster City, USA). Thermocycling was done on a T1000 Thermal Cycler (Bio-Rad 
Laboratories, Hercules, USA) using the following conditions: 94°C for 2 min followed by 30 
cycles of 94°C for 15 s, 55°C for 15 s, 68°C for 60 s and a final extension at 68°C for 10 min. 
Amplification success was assessed by gel electrophoresis on a 2 % agarose gel in 1x TBE 
buffer (100V for 45 min; Hyperladder IV DNA size ladder (Bioline Pty Ltd)). PCR product 
purification and double-strand sequencing reactions were performed at the Australian 
Genome Research Facility and electrophoresed on a 3730XL Genetic Analyser (Applied 
Biosystems, Forster City, USA), with 50 cm arrays and POP-7 polymer.  
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Sequence chromatograms were aligned to the revised Cambridge Reference Sequence (rCRS) 
(Andrews 1999) and evaluated using Geneious v 10.0.07 (Kearse et al. 2012) to obtain a 
consensus sequence. Sequence quality was manually evaluated and nomenclature adhered to 
the recommended guidelines (Parson & Bandelt 2007). Heteroplasmy was recorded if a 
second peak was detected at a position with at least 25% fluorescence of the major peak. All 
subsequent analyses were performed using the entire mtDNA control region (16024-576), 
excluding length variation at positions 309, 515-522, 573 and 16193 for haplotype calling, 
and mutational hotspot variants 16182, 16183, or 16519 for haplogroup assignment.  
 
Haplogroup affiliation was performed by entering haplotypes into HaploGrep2 
(Weissensteiner et al. 2016) based on PhyloTree Build 17 (van Oven 2015), in parallel with 
EMPOP (Parson & Dur 2007) and mtDNAmanager (Lee et al. 2008), with some being 
checked manually using PhyloTree Build 17. Samples were assigned a specific sub-
haplogroup (e.g. H6a1a), haplogroup (e.g. H6a) and one of 28 broad haplogroups (e.g. H) as 
described in Figure 1, according to the PhyloTree phylogeny (refer to Supplementary File 
S2). Haplogroup K was treated as a separate broad haplogroup, despite branching off from 
haplogroup U8, likewise for haplogroup V, which resides in broad haplogroup HV0, due to 
the representation of these subgroups in this dataset. Assigning the most likely maternal 
ancestry and continental affiliation for each sample was performed through an extensive 
survey of the literature for the origins and geographical dispersion of mtDNA haplogroups 
(van Oven et al. 2011a), including EMPOP (Parson & Dur 2007).  
 
 





A B FD HG HV URI VW X YZC TJ KL1 L2 L3 NM PQE HV0
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Autosomal SNP analysis 
Thirty-one autosomal ancestry-informative SNPs covering five global populations (Africa = 
AFR, Europe = EUR, East Asia = EAS, Native America = AMR and Oceania = OCE) were 
genotyped using the Global AIMs Nano set (de la Puente et al. 2016), and SNaPshot 
multiplex chemistry as described in de la Puente et al. 2016. The Global AIMs Nano set was 
selected for the ability to differentiate between five major geographical populations, 
including Oceania which is applicable for an Australian population. Capillary electrophoresis 
was performed on a 3500 Genetic Analyzer (Applied Biosystems, Forster City, USA) with 36 
cm arrays and POP-4 polymer. Electropherograms were analysed for genotype calling in 
GeneMapper ID version 5.0 (Applied Biosystems, Forster City, USA) using a custom panel 
and bin settings.  
 
For assignment of biogeographic ancestry, each sample genotype was compared to a 
reference population set comprising genotypes from 402 individuals from African (AFR, n = 
108), East Asian (EAS, n = 103), European (EUR, n = 99), Native American (AMR, n = 64), 
and Oceanian (OCE, n = 28) populations. Reference population genotypes were obtained 
from the 1000 Genomes Phase II (The 1000 Genomes Project Consortium 2015) and 
Stanford University HGDP-CEPH (Cann et al. 2002) datasets, and were carefully selected 
from populations that show minimal admixture (Supplementary File S3). Ancestry 
assignment was performed using the Bayesian classifier, Snipper v2.5 
(mathgene.usc.es/snipper/), with Hardy-Weinberg principle applied. Likelihood ratios (LR) 
for ancestry classifications were used for direct ancestry estimation, and principle component 
analysis (PCA) was performed in RStudio (v1.1.442) using the SNPassoc package (Gonzalez 
et al. 2007) to visually summarise the genetic differences and similarities of the sample 
genotypes to the reference populations. 
 
The level of admixture for each sample was assessed further by applying the admixture 
model to the autosomal SNP data in STRUCTURE v.2.3.4 (Porras-Hurtado et al. 2013). The 
reference population set described above was used for population membership analysis of the 
database samples in STRUCTURE. K:5 has been previously identified as the optimum 
number of clusters for the Global AIMs Nano set reference populations (de la Puente et al. 
2016) and was used for this analysis. Analyses with STRUCTURE were performed using the 
following parameters: five iterations (for K=5) of 100,000 burnin steps and 100,000 MCMC 
steps, correlated allele frequencies under the Admixture model (including POPFLAG). 
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Estimated membership coefficients from STRUCTURE analysis were used to construct 
population membership bar plots with CLUMPAK v.1.1 (Kopelman et al. 2015). 
 
Through this analysis, it was found that there were a number of underperforming SNPs, 
namely rs12498138, rs9908046 and rs2069945. To test if this affected population 
assignment, the data was analysed with and without these markers (including samples for 
which these were successfully genotyped) as discussed above. 
 
Statistical Analyses 
As the database established in this study represents only a subset of the target population, 
confidence intervals for the frequency of non-European mtDNA and autosomal ancestry 
classifications were conducted as an estimate for the true population parameter (and to 
account for sampling variation). Calculation of confidence intervals were performed based on 
the frequency point estimate in the database using the Wilson interval (Wilson 1927) to 




A positive control of known genotype was included in all PCRs, sequencing reactions, and 
SNP typing to ensure reproducibility and accuracy between batches. Extraction blank 
controls and PCR negative controls were also included to monitor for contamination, allele 
and locus drop-in and other artefacts. To ensure high quality mtDNA control region data, 
each site was required to be covered by two sequence reads, and to have two independent 







Over 800 samples were collected between May 2016 and September 2017. A subset of two 





All samples in the database obtained full sequences from 16024-548, 189 of which had 
further coverage to position 576 following a change to the H580 primer. A total of 222 
haplotypes were detected among the 259 samples, 197 (76.1%) of which were unique sample 
haplotypes. Of the remaining 23.9% of haplotypes, 25 were shared by more than one sample. 
The two most common haplotypes (16519C, 263G and 16519C, 152C, 263G) both appeared 
in five individuals each (1.9%). The second most common haplotype (16298C, 72C, 263G) 
appeared in four samples (1.5%). 
 
Eleven instances of point heteroplasmy were observed in 10 samples (3.8% of samples), at 
nine different sites. Six were Y transitions, and three were R transitions (189R, 195Y, 215R, 
16092Y, 16093Y, 16111Y, 16188Y, 16192Y, 16227R). The most frequent, 16093Y and 
195Y, appeared in two samples each. All were consistent with previous studies and have 
been seen in the EMPOP database with the exception of 16227R. Heteroplasmic positions 
were not considered for haplogroup assignment. 
 
The 197 mtDNA haplotypes were assigned to 72 haplogroups (Table 3, Column 2) within 15 
broad haplogroup classifications (Table 3, Column 1). Details of the haplotypes, specific sub-
haplogroups, haplogroups and broad haplogroup assignment can be found in (Supplementary 
File S2). The most common haplogroup (H*) was found in 30 individuals, followed by J1c 























































































































































































































































































































































































































































































































































































































hich could not be resolved into further haplogroups. Sub-haplogroup 
details can be found in Supplem
entary File S2. H
g = haplogroup.
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Forty-nine samples could only be assigned to broad haplogroups, due to insufficient variation 
in the control region to allow deeper resolution in these cases (30 samples assigned to H, ten 
to HV0, three to R, three to W, one to HV, one to V, and one to T).  
 
The most frequent broad haplogroup in the dataset was H (40.9%). The most frequent 
haplogroups within H were H1 (13.5%) and H2 (4.2%). Broad haplogroup HV0 accounts for 
3.9% of the samples, with less than half represented by haplogroup V (1.2%). Ancestral to H, 
haplogroup HV accounted for 1.9% of the dataset. Following haplogroup H, haplogroup U 
(encompassing U2, U3, U4, U5, U6 and U8 haplotypes) accounts for 13.5% of the database 
and is the second highest contributor to the dataset. Haplogroup K was treated as a separate 
group and was present in 8.1% of the samples. Haplogroup J and T defines 12.7% and 10.8% 
of the dataset respectively and are divided into J1 (11.9%), J2 (0.8%), T* (0.4%), T1 (2.7%) 
and T2 (7.8%) subclades. One sample lacked further variation and could only be assigned to 
the basal branch of haplogroup T. Clade N is present in 5.1% of the samples, represented by 
haplogroups W (2.3%), I (1.2%), X (0.8%), N1 (0.4%), and S (0.4%).  
 
Autosomal SNPs 
Thirty-five samples produced a full 31-locus SNP genotype, with the remaining 224 samples 
producing partial profiles (average 28 out of 31 loci). SNPs rs12498138 (AMR informative), 
rs9908046 (OCE informative), and rs2069945 (tri-allelic) were the three poorest performing 
loci and were unable to be genotyped in 163, 85, and 82 samples respectively. Despite allelic 
dropout, final population assignment was not affected, and reliable ancestry estimation was 
able to be achieved for all samples. 
 
All samples in the dataset were predicted as European ancestry using Snipper, with 
probabilities at least 1 billion times more likely European than any of the other four 
continental populations. No ancestry admixture was detected in any of the samples using 
Snipper, with all profiles returning a ‘100% EUR’ classification. The PCA plot for all 
samples compared to 402 reference population genotypes detailed in de la Puente et al. 2016 
show a clustering of the database samples around the European reference population. The 
effect of underperforming SNPs was tested by removal of rs12498138, rs9908046, and 
rs2069945from the dataset. All probabilities and admixture prediction values in Snipper were 
maintained (1 billion times more likely EUR than any of the other populations, and 100% 
EUR), with the resulting PCA showing minimal difference to the original plot including the 





Figure 2. PC1 vs PC2 from PCA of database samples (black) against 402 genotypes across five reference    population 
groups (A), and when removing underperforming SNPs (B) (rs12498138, rs9908046, and rs2069945). AFR = blue, 
AMR = red, EAS = green, EUR = orange, OCE = purple. Remaining components are plotted in Supplementary File S4. 
 
Further analysis in STRUCTURE (K = 5) showed all samples had the highest population 
membership to the EUR reference population (Figure 3). Overall, the database samples 
showed a 97.2% cluster membership to the EUR reference population, with less than 1% 
membership to each of other four populations. The bar plot visualised in CLUMPAK shows 
similar patterns of population assignment of the database samples, with all samples having 
predominantly European ancestry, with minor to no ancestry components from other 
population groups. The membership proportion for each sample can be found in 




Figure 3. CLUMPAK bar plot of STRUCTURE analysis (K=5), showing membership proportions of each sample to the 
reference population groups. Each bar represents one individual sample. 
 
Non-European ancestry components in the database were further evaluated using the ancestry 
membership coefficients obtained from the STRUCTURE analysis and were plotted against 
the European membership coefficients for each sample (Figure 4).  
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Across all samples, 82.2%, 89.9%, 84.9% and 85.7% had an AFR, AMR, EAS and OCE 
ancestry proportion below 1%, respectively. The highest proportion of AFR ancestry (17.2%) 
was seen in a sample with 80.8% EUR ancestry. The highest proportion of AMR ancestry 
(5.5%) was seen in a sample with 91.7% EUR ancestry. The highest proportion of EAS 
ancestry (17.6%) was seen in a sample with 71.2% EUR ancestry. The highest proportion of 
OCE ancestry (11.8%) was seen in a sample having 78.3% EUR ancestry. The two samples 
which indicated Australian Aboriginal and Native American maternal ancestry (mtDNA) 
showed predominantly European autosomal ancestry membership proportions (Table 4). 
 
Sample mtDNA Hg % AFR % AMR % EAS % EUR % OCE 
157 S1 1.54 3.38 1.6 89.84 3.64 
238 B2d 0.24 0.72 0.38 98.12 0.54 
 
Table 4. Population membership proportions of two samples that revealed non-European mtDNA haplogroups 
 
Statistical Analysis 
For mtDNA, two samples carried non-European haplogroups, namely Australian Aboriginal 
S1and Native American founder lineage B2d. Wilson confidence intervals were calculated 
for each using a point estimate of 0.4%. The 95% confidence interval for the proportion of 
Australian Aboriginal mtDNA ancestry, and Native American mtDNA ancestry in our dataset 
is 0.07% - 2.15% each. Therefore, it can be said with 95% confidence that the true proportion 
of individuals living in Australia before 1945 carrying non-European mtDNA haplogroups 
(based on Australian Aboriginal and Native American combined) is between 0.2% - 2.8%. 
 
For autosomal ancestry, no sample with predominantly non-European ancestry was predicted 
by Snipper, PCA and STRUCTURE. However, confidence intervals were still calculated 
based on this point estimate due to database sample size. The 95% confidence interval for the 
proportion of non-European autosomal ancestry in the Australian population before 1945 is 
0% - 1.5%. Therefore, it can be said with 95% confidence that the true proportion of 
individuals living in Australia before 1945 carrying predominantly non-European autosomal 





To facilitate forensic ancestry determination for repatriation and identification of Australian 
historical remains we have created a population database, the Historical Australian DNA 
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Database (HADD). This database records mtDNA control region haplotypes (and 
haplogroup), and 31-locus autosomal ancestry SNP genotypes, allowing estimation of the 
genetic ancestry proportions in an early-to-mid 1900’s Australian population. Currently, 259 
individuals have been analysed but to date over 800 samples have been collected. The 
maternal inheritance of mtDNA presents concerns over estimating biogeographic ancestry 
when considered alone (Phillips et al. 2009; Phillips 2015). For this reason, we chose to 
combine mtDNA control region data with autosomal ancestry informative SNP data to allow 
improved resolution of ancestry and to detect possible admixture. No suitable forensic 
population databases currently exist for differentiation of human remains such as those 
recovered from historical battlefields that may be Australian. The HADD presents the first 
Australian ancestry informative dataset that can be utilised for forensic purposes. 
 
Analysis of mtDNA revealed that haplogroups in the database are largely typical of West 
Eurasia, as reflected in mtDNA data previously published (Lutz et al. 1998; Richards et al. 
2000; Achilli et al. 2007; Brandstatter et al. 2007; Hedman et al. 2007; Richard et al. 2007; 
Irwin et al. 2008; Turchi et al. 2008; Turchi et al. 2016), with the exception of one sample 
belonging to the Native American-specific haplogroup B2d (Bandelt et al. 2003; van Oven et 
al. 2011b), and one sample belonging to the Australian Aboriginal-specific haplogroup S1 
(Nagle et al. 2017; Tobler et al. 2017). Similar to European and Near Eastern populations 
(Richards et al. 2000; Pereira et al. 2005; Roostalu et al. 2007; Chaitanya et al. 2016), the 
most frequent haplogroup in the HADD is haplogroup H. The highest contributors to this 
group were subgroups H1 and H2. H1 is one of the most common subclades of H seen in 
Western Europe and Morocco, peaking in Iberia (Hernández et al. 2017). H2, more 
specifically H2a, occurs more frequently in Eastern Europe, extending to Central Asia in low 
frequencies (Loogvali et al. 2004).  
 
Haplogroup U, encompassing subgroups U2, U3, U3, U4, U5, U6 and U8 in this dataset, 
makes up the second largest proportion of samples. Subclade U5, the most ancient European 
mtDNA haplogroup (Malyarchuk et al. 2010), represents more than half of samples 
belonging to haplogroup U, and has a wide distribution over Western Eurasia and South Asia 
(van Oven et al. 2011b). U6, represented by two samples is of North African origin (Rando et 
al. 1998) and appears in West Mediterranean populations <7% (Plaza et al. 2003) 
representing recent gene-flow from Northern Africa (Hervella et al. 2016). Haplogroup K 
(within U8) represents a small portion of the dataset. It peaks in frequency in France, 
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Hungary and the British Isles, however still exists in relatively low frequencies globally 
(García et al. 2011; Turchi et al. 2016).  
 
The majority of samples in haplogroup J fell within J1c, representing half of the total J1 
lineages in this dataset, the rest assigned to J1b.  J1 has a predominantly central European 
distribution (Turchi et al. 2016). J2 is present at a much lower frequency, represented by J2a1 
subgroups. Haplogroup T is present in comparable frequencies to populations over Europe 
(Chaitanya et al. 2016; Turchi et al. 2016), and falls into two distinct subclades in the dataset, 
T1and T2. T2b subgroups represent over half of the T2 individuals and is also predominantly 
European in distribution (Pala et al. 2012). 
 
Haplogroup W was detected in a small subset of samples and exists in relatively low 
frequencies across the European continent, the Near East and West Asia. It peaks across 
Eastern Europe (~6.5% of population), India (~6% of population), and Northern Europe 
(~4% of population) (Hedman et al. 2007; Olivieri et al. 2013). The remaining N groups (I, 
X, N1) occur at relatively low frequency in the dataset.  
 
Two samples revealed non-European mtDNA lineages, one assigned to B2d (Native 
American specific), and one assigned to S1 (Australian Aboriginal specific). The autosomal 
data for these samples indicated clustering with the European reference population with a 
strong likelihood (> 1 billion times more likely) in Snipper and the PCA plot, whereas 
STRUCTURE detected very minimal amounts of membership to other populations (0.68% 
AFR, 0.5% AMR, 0.38% EAS, 0.24% OCE versus 98.1% EUR ancestry for the B2d sample, 
and 1.54% AFR, 3.4% AMR, 1.6% EAS, 3.64% OCE ancestry versus 89.9% EUR for the S1 
sample). Haplogroup S1 is not entirely unexpected considering the presence of Aboriginal 
Australians in Australia for approximately 50,000 years (Tobler et al. 2017), and the lack of 
Oceanian autosomal SNPs indicates an admixed individual with Aboriginal Australian 
maternal ancestry and European autosomal ancestry. The occurrence of European autosomal 
ancestry has been observed in Aboriginal Australian samples in a previous study (Santos et 
al. 2016), and represents genetic admixture in the Australian population post-European 
settlement. The Native American maternal lineage with a European autosomal ancestry may 
reflect admixture before or after migration to Australia. 
 
Forty-nine samples could not be assigned into specific haplogroups due to a lack of 
haplogroup defining polymorphisms in the mtDNA control region. Considering the wealth of 
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variation (~70%) present in the coding region (Brotherton et al. 2013; Ma et al. 2018), 
interrogation of diagnostic SNPs from outside of the control region may improve resolution 
into further sub-haplogroups for more specific geographical assignment. This may be 
performed either through SNaPshot-based SNP multiplexes designed to target a small 
number of coding region SNPs as an independent marker set to resolve haplogroups (as 
demonstrated previously in (Corach et al. 2010), or by the use of whole mitochondrial 
genome sequencing to capture a greater level of genetic variation for finer resolution into 
sub-haplogroups (Chaitanya et al. 2015; Morales-Arce et al. 2017). The typing of coding 
region SNPs may be a beneficial and economic addition to the database in the future for 
improved resolution and maternal biogeographic ancestry assignment.  
 
For the autosomal ancestry SNPs, three underperforming loci resulted in a high proportion of 
partial profiles, however the biogeographic ancestries of all samples were still able to be 
predicted with confidence and high statistical power. Differences in the number of alleles 
successfully typed has previously been observed in inter-laboratory studies using SNaPshot 
based SNP panels (Musgrave-Brown et al. 2007). One of the underperforming SNPs 
(rs2069945), is a tri-allelic marker included for contamination detection and is not ancestry 
informative for a specific population (de la Puente et al. 2016). To determine if the dropout of 
these SNPs had an influence on ancestry prediction, the data was re-analysed following the 
removal of the three underperforming markers. Results showed that locus dropout had 
minimal effect on ancestry classification. Furthermore, the Global AIMs Nano has been 
demonstrated to achieve 100% ancestry assignment success even when excluding the 14 most 
informative SNPs (i.e. the SNPs with the highest divergence) (de la Puente et al. 2016), 
demonstrating the panel maintains a high level of informativeness even when analysing 
partial profiles.  
 
While mtDNA haplogroup frequencies revealed that there may have been a small 
contribution of non-European ancestry in the maternal lineages, autosomal SNP analysis 
predicted samples as predominantly European ancestry. Confidence intervals estimate that 
the true proportion of non-European ancestry could range from 0 - 2.8% of the Australian 
population before 1945 (including both mtDNA ancestry and autosomal ancestry 
frequencies). These confidence intervals allow investigators to objectively evaluate the 
evidential weight that can be placed on ancestry results and demonstrates the possibility that 
Australian WWI and WWII servicemen may not have exclusively carried European ancestry. 
However, it is important to stress the limitations of the database at this time with only 259 
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samples typed out of at least 6.6 million individuals living in Australia in the time period 
(from census data for 1933). Confidence intervals are strongly dependant on sample size but 
were calculated for this study regardless of size limitations and should be interpreted with 
caution. A larger database is needed to properly evaluate frequency estimates of non-
European genetic ancestry, and thus the potential implications on ancestry testing. 
Nonetheless, this study presents the first step towards achieving this outcome.  
 
The different ancestry signals observed in two samples between the mtDNA ancestry and 
autosomal SNPs further demonstrates and supports the importance of including autosomal 
and uniparental (mtDNA and Y chromosome) makers to avoid misreporting an individual’s 
overall biogeographic ancestry when one genetic target is considered in isolation (Phillips et 
al. 2009; Corach et al. 2010; Lao et al. 2010; Prestes et al. 2016). This also becomes 
important when considering that the wide distribution of some basal mtDNA haplogroups 
(which may be assigned to samples which do not display sufficient diagnostic SNPs in the 
control region) may not allow for confident classification to one geographical region, and 
other targets can be analysed to improve assessments of ancestry. While not analysed in this 
study, it is recommended that analysis of Y chromosome markers be performed for male 
samples in the database for a more comprehensive survey of the maternal, paternal and 
autosomal biogeographic ancestry proportions in the Australian population. Based on the 
recommendation of combining different marker types for ancestry inference, another 
challenge may arise that requires the conception of a suitable statistical process to provide a 
single probability which encompasses results from all marker types tested, demanding 
unanimity among a board of both practitioners and forensic statisticians.  
 
This study presents the first step towards creating a suitable population database to assist in 
understanding the probability of different ancestry groups in the Australian population before 
1945. A larger sample size with the addition of Y chromosome analysis, will increase the 
knowledge of genetic ancestry in the Australian population during this time. This will 
improve genetic ancestry testing and assignment of country-of-origin to unknown remains 
which could belong to an Australian servicemen or woman. In addition to informing DNA 
analysis methods for ancestry determination of historical remains, the Historical Australian 
DNA Database may also provide a foundation for future studies into the ancestry group 
distributions within the modern Australian population. The HADD also has a potential 
application to broader forensic ancestry examination of multiple individuals such as in open 
international mass disasters and missing persons cases where the sorting of people into 
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High quality control-region mtDNA sequences and 31-plex autosomal ancestry SNP profiles 
were generated from 259 individuals to form the core of the Historical Australian DNA 
Database (HADD), with the aim of identifying genetic ancestry variation in the Australian 
population before the end of WWII. The pattern of mtDNA variation and autosomal SNP 
profiles is characterised by an overall high frequency of predominantly European genetic 
ancestry. However, mtDNA haplogroup composition reveals a low frequency of genetic 
ancestry from non-European origins, reflecting Australia’s known demographic history, and 
further advocates for the use of a multi-gene approach for the estimation of biogeographic 
ancestry. Future efforts will be placed on increasing the database size and generating Y-
chromosome data for a more robust representation of the genetic composition of the 
Australian population before 1945. Nonetheless, this approach has generated the foundations 
of the first historical DNA database for Australia using multiple genetic targets and serves as 
a growing population database for which to evaluate ancestry determination results from 
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Supplementary File S1. Information flyer for public recruitment of suitable DNA donors for the Historical 







More than 25,000 WWI and WWII Australian servicemen are still unaccounted for in 
battlefields across Europe and the Asia-Pacific.  Unrecovered War Casualties - Army (UWCA) 
are actively involved in the search for, recovery and identification of Australia's war dead. 
 
At the University of Adelaide we are using new DNA technologies to assist the UWCA with this 
important work. We need to build a DNA database that accurately represents the Australian 
WWI and WWII population in order to deliver more reliable identification of recovered remains. 
No existing Australian DNA databases are suitable for this purpose because of significant 
post-war migration to Australia.  
 
You can help us with this important project if you: 
 
• Were born in Australia before 1945; 
                  or 
• Are directly descended from people who were born and living in Australia before 1945. 
 
Your involvement in the project will include: 
 
• Completing a sample donor form where you provide details of your known family 
history (including the year and place of birth of yourself, your parents, and your 
grandparents, if possible). 
• Collection of a DNA sample via a swab from the inside of your mouth. 
Your details and DNA sample will remain anonymous and the database cannot be used for 
any other purpose than identification of missing persons remains.  
If you are interested in participating and would like more information, including our 
Participation Information Package, please contact: 
 
Assoc. Prof. Jeremy Austin at the University of Adelaide 
email: jeremy.austin@adelaide.edu.au 
phone: 08 8313 4557 
 
This project has been approved by the University of Adelaide Human Research Ethics Committee (H-
2015-120) 
DNA Identification of 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplementary File S5. Average population membership proportions from STRUCTURE analysis of database 
samples (K = 5). 
 


















1 0.24 0.2 0.26 99.06 0.22  131 0.22 0.1 0.1 99.5 0.1 
2 5.42 0.2 0.28 93.88 0.26  132 0.22 0.1 0.14 99.42 0.1 
3 0.22 0.1 0.2 99.28 0.24  133 0.62 0.3 3.18 94.88 0.98 
4 0.34 0.26 0.3 98.94 0.13  134 0.66 0.3 0.78 97.96 0.3 
5 0.26 0.1 0.2 99.3 0.16  135 0.3 0.36 0.86 97.88 0.62 
6 1.46 0.44 0.66 96.76 0.66  136 0.26 2.32 2.86 94.04 0.5 
7 0.2 0.26 0.2 99.14 0.22  137 0.38 0.2 0.86 98.26 0.3 
8 0.28 0.94 0.46 98.08 0.24  138 0.28 0.16 0.2 99.22 0.1 
9 0.18 0.1 0.22 99.34 0.1  139 0.22 0.22 0.36 98.7 0.5 
10 0.2 0.3 0.38 99.02 0.1  140 0.18 0.18 0.18 99.3 0.2 
11 0.24 0.2 0.48 98.78 0.32  141 5.66 0.14 0.74 93.08 0.38 
12 0.3 0.1 0.2 99.24 0.2  142 0.2 0.2 0.34 99.14 0.14 
13 0.4 0.48 0.28 98.38 0.46  143 0.32 0.46 0.4 98.28 0.52 
14 0.2 0.1 0.18 99.36 0.2  144 2.04 0.54 0.56 95.58 1.26 
15 0.38 0.1 0.18 99.2 0.12  145 0.2 0.2 0.52 97.86 1.2 
16 17.24 0.22 0.56 80.76 1.2  146 0.36 0.2 0.3 98.88 0.28 
17 0.4 0.98 0.52 97.6 0.46  147 0.2 0.1 0.1 99.5 0.1 
18 0.32 0.1 0.1 99.28 0.18  148 0.24 0.1 0.2 99.34 0.18 
19 0.2 0.22 0.58 98.86 0.14  149 0.36 0.1 0.2 98.82 0.5 
20 0.2 0.1 0.2 99.22 0.24  150 0.2 0.34 1.02 98.18 0.3 
21 0.44 0.1 0.2 99.04 0.2  151 0.38 0.2 0.26 98.66 0.54 
22 2.56 0.1 0.4 96.14 0.84  152 6.2 0.2 0.22 93.26 0.12 
23 0.3 0.24 0.28 98.92 0.26  153 10.18 0.4 0.3 88.94 0.24 
24 0.2 0.18 0.22 99.28 0.12  154 6.24 0.1 0.2 92.88 0.54 
25 8.8 0.88 1.26 88.62 0.42  155 6.82 0.18 0.92 91.82 0.26 
26 0.46 1.6 1.4 95.86 0.6  156 0.44 1.26 3.48 93.94 0.88 
27 0.68 0.14 0.2 98.7 0.26  157 1.54 3.38 1.6 89.84 3.64 
28 9.84 0.42 0.5 88.7 0.54  158 0.38 0.18 0.32 98.78 0.34 
29 1.4 0.54 1.9 95.3 0.88  159 0.22 0.1 0.18 99.3 0.2 
30 0.2 0.1 0.12 99.42 0.1  160 2.08 0.7 1.14 94.8 1.28 
31 0.2 0.1 0.16 99.36 0.12  161 7.36 0.14 0.4 91.86 0.2 
32 4.06 1 17.64 71.02 6.28  162 2.72 0.22 0.4 89.58 7.12 
33 0.46 0.14 0.3 98.62 0.46  163 0.24 0.1 0.12 99.24 0.28 
34 0.38 0.2 0.2 99.08 0.12  164 2.46 1.42 2.14 92.64 1.34 
35 0.28 0.14 0.34 99.1 0.2  165 0.46 0.1 0.2 98.86 0.34 
36 0.32 0.1 0.2 99.28 0.1  166 7.68 0.9 0.8 88.34 2.28 
37 0.2 0.1 0.22 99.36 0.14  167 0.34 0.26 0.5 98.56 0.4 
38 0.3 0.3 0.66 98.26 0.52  168 0.3 0.28 0.22 99.04 0.2 
39 0.32 0.18 0.6 98.76 0.18  169 3 0.12 0.58 95.6 0.68 
40 1.4 1.46 2.9 93.5 0.74  170 2.1 1.84 1.68 92.96 1.44 
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41 0.22 0.14 0.16 99.26 0.2  171 0.2 1.16 0.24 97.92 0.5 
42 0.3 0.1 0.26 99.22 0.1  172 0.9 0.58 0.84 97 0.7 
43 0.3 0.78 0.54 97.48 0.92  173 0.24 0.24 0.16 99.24 0.1 
44 0.72 0.72 0.58 95.26 2.72  174 0.48 0.2 0.32 98.82 0.2 
45 0.26 0.1 0.22 99.22 0.2  175 0.2 0.32 0.2 99.08 0.16 
46 1.3 0.42 0.5 97.16 0.62  176 0.16 0.26 0.22 99.2 0.16 
47 0.24 0.1 0.2 99.32 0.1  177 7.72 0.2 0.2 91.76 0.1 
48 0.2 0.32 0.34 98.88 0.24  178 0.16 1.26 1.86 95.62 1.08 
49 0.34 0.2 0.2 98.36 0.88  179 2.08 1.14 1.14 94.5 1.14 
50 0.2 0.1 0.18 99.36 0.1  180 0.22 1.44 1.16 96.4 0.78 
51 0.56 1.2 8.32 87.94 1.98  181 0.2 0.18 0.2 99.24 0.18 
52 0.34 0.2 0.36 97.36 1.76  182 0.24 0.12 0.1 99.38 0.1 
53 0.46 0.2 0.54 98.1 0.72  183 0.18 0.54 1.44 97.58 0.24 
54 0.18 0.24 0.38 98.88 0.36  184 6.86 0.28 0.24 92.32 0.28 
55 0.2 0.1 0.1 99.54 0.1  185 0.34 1.66 2.7 94.76 0.56 
56 0.24 5.54 2.38 91.68 0.14  186 0.24 0.58 0.94 97.38 0.84 
57 0.24 0.1 0.12 99.38 0.12  187 0.3 0.52 1.12 97.56 0.52 
58 1.66 0.48 0.68 96.72 0.48  188 0.46 1.02 1.62 95.64 1.24 
59 0.38 0.14 0.2 99.04 0.22  189 0.86 0.64 0.78 96.14 1.58 
60 0.94 0.66 1.1 93.48 3.82  190 0.2 0.2 0.26 99.26 0.1 
61 0.26 0.1 0.16 99.34 0.16  191 0.26 3.22 5.88 90.48 0.12 
62 0.12 0.34 0.22 99.14 0.18  192 0.2 0.2 0.22 99.26 0.1 
63 1.64 0.72 1.06 96.24 0.38  193 0.4 0.72 0.32 98.3 0.24 
64 0.3 0.22 0.2 98.92 0.34  194 0.32 0.18 0.1 99.2 0.18 
65 0.66 0.28 0.42 98.12 0.52  195 1.1 5.46 2.98 87.9 2.58 
66 0.2 0.1 0.16 99.44 0.1  196 0.36 0.12 0.2 99.04 0.26 
67 0.54 0.1 0.16 99.02 0.16  197 0.68 0.16 0.22 98.66 0.22 
68 0.3 0.2 0.18 99.22 0.12  198 0.2 0.4 1.78 95.94 1.66 
69 0.34 0.6 0.86 97.3 0.9  199 0.8 0.76 1.38 96.66 0.4 
70 0.22 0.2 0.3 99.02 0.22  200 0.42 0.18 0.3 98.9 0.22 
71 0.58 0.12 0.5 98.48 0.32  201 0.38 0.32 0.92 98.14 0.28 
72 0.2 0.2 0.26 99.04 0.3  202 0.26 0.18 0.32 99.12 0.12 
73 0.28 0.1 0.16 99.18 0.3  203 0.8 0.58 11.84 85.9 0.78 
74 0.2 1.06 0.26 98.24 0.22  204 0.2 0.3 0.24 99.12 0.2 
75 0.52 0.48 0.38 98.2 0.42  205 0.36 0.14 0.28 98.84 0.34 
76 0.2 0.14 0.18 99.34 0.12  206 0.64 0.18 0.46 98.36 0.38 
77 0.4 0.22 0.34 97.4 1.62  207 0.2 0.1 0.2 99.3 0.2 
78 0.26 0.12 0.16 99.02 0.4  208 0.26 0.24 0.52 98.66 0.3 
79 0.44 1.18 0.62 97.6 0.18  209 1.26 0.28 0.46 96.94 1.04 
80 0.66 0.32 0.34 97.8 0.86  210 0.28 1.56 1.92 95.66 0.58 
81 0.28 0.16 0.22 99.16 0.18  211 0.3 0.14 0.2 99.18 0.16 
82 0.32 0.1 0.2 98.56 0.82  212 0.6 0.66 0.62 95.48 2.64 
83 0.3 0.12 0.22 98.94 0.38  213 0.3 0.12 0.3 99.1 0.18 
 201 
84 0.2 0.1 0.2 99.4 0.1  214 0.2 0.9 0.32 98.44 0.16 
85 0.3 0.16 0.18 98.08 1.3  215 4.74 0.28 0.26 94.5 0.2 
86 0.54 3.14 6.32 78.1 11.88  216 1.24 0.94 1.48 92.82 3.52 
87 0.28 0.1 0.2 99.26 0.14  217 0.2 0.24 0.38 98.92 0.26 
88 0.3 0.12 0.26 97.66 1.64  218 0.2 0.18 0.22 99.2 0.22 
89 0.44 0.18 0.2 98.88 0.34  219 0.5 0.18 0.16 99.04 0.14 
90 0.2 0.1 0.1 99.5 0.1  220 0.2 0.2 0.16 99.26 0.14 
91 0.2 0.1 0.16 99.34 0.18  221 11.72 0.26 0.86 86.14 1 
92 0.26 0.68 0.96 97.6 0.52  222 0.22 0.18 0.24 99.06 0.32 
93 0.28 0.54 1.22 97.1 0.9  223 1.04 0.38 8.2 85.86 4.5 
94 0.4 0.2 0.36 98.4 0.64  224 0.6 5.48 0.82 91.68 1.42 
95 0.2 0.26 0.38 99 0.14  225 0.32 0.62 1.28 97.38 0.4 
96 0.22 0.18 0.26 99.08 0.24  226 1.1 0.42 0.7 97.02 0.74 
97 0.22 0.6 0.5 98.48 0.14  227 0.4 0.22 0.2 98.96 0.22 
98 0.22 0.2 0.2 99.12 0.26  228 0.32 0.16 0.3 99.12 0.12 
99 0.28 0.1 0.16 99.36 0.1  229 0.24 0.18 0.24 99.12 0.24 
100 1.38 0.38 0.5 97.46 0.26  230 0.32 0.3 0.24 98.64 0.48 
101 0.36 0.1 0.1 99.24 0.2  231 7.62 0.3 0.54 88.26 3.32 
102 0.5 0.18 0.24 98.9 0.18  232 1.36 0.66 1.38 95.84 0.8 
103 0.36 0.14 0.24 99.08 0.18  233 0.28 0.54 0.6 97.86 0.74 
104 0.3 0.1 0.2 99.22 0.16  234 0.2 0.12 0.14 99.42 0.1 
105 0.28 0.38 0.42 98.5 0.44  235 0.22 0.1 0.12 99.38 0.2 
106 0.22 0.12 0.14 99.34 0.16  236 0.28 0.38 0.46 98.72 0.22 
107 0.5 0.1 0.26 98.08 1.04  237 0.3 0.24 0.32 98.54 0.58 
108 0.4 0.24 0.48 98.52 0.34  238 0.24 0.72 0.38 98.12 0.54 
109 0.24 0.18 0.16 99.22 0.2  239 0.32 0.22 0.46 98.8 0.2 
110 0.5 0.16 0.2 98.94 0.2  240 3.18 0.1 0.38 95.76 0.52 
111 0.34 0.2 0.32 98.88 0.24  241 0.2 0.22 0.22 99.16 0.12 
112 0.46 0.1 0.2 98.9 0.34  242 3.8 0.18 0.64 94.72 0.68 
113 0.24 0.1 0.14 99.34 0.14  243 0.32 0.2 0.3 99.02 0.18 
114 0.2 0.14 0.16 99.4 0.12  244 0.34 0.54 0.5 98.42 0.2 
115 0.2 0.2 0.22 99.12 0.26  245 0.42 0.1 0.2 99.12 0.2 
116 0.2 0.2 0.1 99.42 0.1  246 0.28 0.12 0.2 99.28 0.18 
117 0.2 0.3 0.44 98.14 0.9  247 6.02 0.22 0.64 92.86 0.28 
118 0.22 0.1 0.12 99.18 0.36  248 0.28 0.26 0.46 97.7 1.3 
119 0.66 0.28 0.36 97.98 0.74  249 0.28 0.2 0.26 99.1 0.2 
120 0.36 0.1 0.2 98.72 0.62  250 0.28 0.2 0.2 99.18 0.18 
121 0.42 0.24 0.32 98.82 0.26  251 0.54 1.16 0.64 96.38 1.24 
122 5.32 0.24 0.72 92.24 1.46  252 0.52 0.42 0.34 98.54 0.2 
123 0.18 0.1 0.1 99.46 0.1  253 1.08 1.76 1.32 94.16 1.62 
124 0.28 1.2 3.42 94.84 0.28  254 0.32 0.1 0.66 98.64 0.3 
125 0.2 0.1 0.1 99.46 0.1  255 2.3 0.32 1.96 91.54 3.92 
126 0.28 0.2 0.24 98.98 0.3  256 0.22 0.14 0.22 99.22 0.18 
 202 
127 0.5 0.2 0.28 98.82 0.24  257 3.94 0.12 0.56 93.24 2.16 
128 0.38 0.1 0.3 98.76 0.44  258 0.58 0.16 0.2 98.14 0.9 
129 0.22 0.1 0.1 99.38 0.2  259 0.26 0.12 0.16 99 0.48 














































































Introduction and Thesis Summary 
 
Identification of human remains is a complex task that is important for social, humanitarian 
and legal reasons. Conventional avenues for identification (both non-DNA and DNA-based) 
are not always successful for degraded or fragmentary remains, prompting the research and 
application of advanced genetic techniques to retrieve post-mortem information that can aid 
in forensic investigations of identity. Areas currently under intense research are the 
development of techniques that improve the genotyping success of the most challenging 
samples, where DNA is degraded and present in very low amounts, and the exploration of 
alternative sources of genetic intelligence data that may be of investigative value. These 
include the genotyping of SNPs for the prediction of biogeographic ancestry, and those that 
can predict hair and eye colour, both of which have previously demonstrated probative value 
for forensic investigation (Phillips et al. 2009). Genotyping advancements such as the advent 
of massively parallel sequencing has increased our ability to gain information for hundreds of 
forensically relevant SNPs including those for ancestry and phenotype, but still present issues 
in the analysis of highly degraded and compromised remains (Gettings et al. 2015; Elwick et 
al. 2018). Overall, such techniques have thus far been limited in their application to forensic 
casework in Australia involving degraded/fragmented remains from historical burials, cold 
cases and unidentified war dead recovered from past battlefields across World War I and II. 
The question of how Australia’s migration history may impact on ancestry analysis is also 
important to address.  
 
In an attempt to address these key aspects, the research reported in this thesis aimed to 
improve our current understanding of forensic intelligence testing of human remains in an 
Australian context. Furthermore, I explored and evaluated new techniques that can increase 
the amount of genetic information we can retrieve from forensically challenging samples to 
assist in investigations of identity. This research has investigated many aspects of ancestry 
testing, including the development, evaluation and application of novel genotyping 
workflows, and the investigation of genetic ancestry components in an historical Australian 
population. Overall, this thesis sought insight into three key areas:  
 
1. To develop a simple, sensitive SNP typing tool to screen samples for DNA quality 
and broad biological profile before making decisions on downstream processing. 
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2. To develop, evaluate and apply a novel SNP typing panel using highly specialised 
DNA analysis technologies for improved genetic analysis of forensic intelligence for 
highly degraded human remains. 
3. To estimate the biogeographic ancestry components in Australia before the major 
waves of migration in 1945, how the ancestry classifications differ between different 
marker sets, and to collate the first historical DNA database for Australia that will 
assist with war dead identification. 
 
Summary 
In Chapter 2 I assembled and developed a novel laboratory tool for the triaging of degraded 
human DNA based on DNA sample quality and broad biological profile. Eighteen markers 
were selected each for their informativeness for mtDNA and Y chromosome haplogroup, 
autosomal ancestry, and eye colour. This selection of markers was then developed into a 
complete laboratory workflow from amplification to data analysis. I showed that the panel 
created was able to successfully infer a range of broad ancestries, sex and eye colour and to 
successfully retrieve SNP data from a range of degraded human teeth samples. I 
demonstrated the value of the panel as an initial screening tool to either triage samples based 
on sample quality to avoid unnecessary sample consumption and re-analysis. The Miniplex 
has the ability to assist in deciding what downstream processes may be likely to retrieve 
sufficient genetic data, and to potentially streamline workflows by allowing the prioritisation 
of samples from further laborious laboratory processing.  
 
Chapter 3 describes the development of a novel target enrichment panel for the retrieval of 
autosomal and Y chromosome SNP data from highly degraded DNA. The overall motivation 
for the development of this methodology is that it has the ability to retrieve very small DNA 
fragments that are not amendable to PCR-based enrichment methods. I evaluate this new 
panel for population differentiation of reference population groups with low admixture before 
applying it to a set of modern samples where biogeographic ancestry, sex, hair and eye colour 
were known. The study showed high accuracy for ancestry predictions with the exception of 
American and North African ancestry where modern populations have been previously 
characterised as admixed. However, the Y-chromosome SNPs in the panel aided in resolving 
the ancestry for these samples and further advocated for the use of multi-gene targets for the 
inference of ancestry. Hair and eye colour predictions were shown to align with error rates 
established by previous studies. Overall, the analysis showed that the genetic information 
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retrieved and the inferences made from this panel were robust and accurate for application to 
degraded casework DNA samples.  
 
In Chapter 4 I explore the application of both the Miniplex and the custom hybridisation 
enrichment panel to a set of degraded human teeth and forensic casework samples. The 
Miniplex was shown to provide broad indications of biological profile, and to serve as a 
predictor of enrichment/MPS success. Both techniques were shown to retrieve genetic 
information and make congruent inferences of ancestry, sex, broad mtDNA lineage and 
phenotype from these samples, demonstrating the value of this novel approach in gaining 
intelligence data for forensic purposes.  
 
In Chapter 5 I described the creation of the first forensic historical DNA database for the 
Australian population pre-1945. The information collected allows the characterisation of the 
genetic ancestry components that existed in the population during this time using both 
mtDNA and autosomal ancestry data. I stressed the importance of using a combined genetic 
approach for estimating individual ancestry. The study produced the foundations of a multi-
gene ancestry database for Australia, which will continue to grow in the future, allowing a 
greater understanding of genetic admixture in the Australian population during the World 
War eras. This database enables objective evaluation of ancestry prediction results for future 





The overarching aim of this research was to improve identification outcomes for degraded 
human remains in Australian forensic casework scenarios where conventional DNA profiling 
and current forensic MPS techniques may fail to produce meaningful results. Perhaps the 
biggest emphasis throughout this thesis is on the critical need for a more comprehensive 
approach to biogeographic ancestry prediction in Australia. In numerous instances throughout 
this thesis I demonstrate the value of using a combination of mtDNA, Y-chr markers and 
autosomal SNPs to avoid the risk of misreporting ancestry based on a single biological query. 
This is particularly important for samples with genetic ancestry originating from two 
different geographical locations. This concept was further emphasised in the construction of 
the Historical Australian DNA Database by the inclusion of ancestry information from both 
mtDNA and autosomal markers. While not performed in this project, the typing of Y-
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chromosome SNPs for paternal ancestry can be suggested as another avenue to estimate the 
genetic ancestry components in the historical Australian population. For the exploration of 
ancestry testing of highly degraded forensic samples, two novel approaches were developed 
and evaluated for the potential of increased recovery of forensically relevant intelligence-
informative SNPs. Both approaches had been demonstrated throughout the thesis to produce 
robust results for samples with known biogeographic ancestries, sex and phenotype, and for 
degraded forensic samples where this information was not known. The successful application 
of these specialised methods to actual casework samples demonstrates the value of the 
workflow for future forensic cases (i.e. war dead, cold cases, missing persons) that fail with 
routine genetic analysis. Currently, it is estimated that approximately 500 sets of unidentified 
human remains are archived in Australian forensic laboratories (Minister for Justice 2015; 
Ward 2018). The techniques developed and evaluated in this thesis would be a possible 
avenue to retrieve intelligence data to narrow the search for a positive identification for these 
remains, in particular for cases where conventional identification strategies have been 
unsuccessful. 
 
Currently in Australia, when DNA analysis is requested on degraded/historical remains the 
first genetic test usually performed is STR typing following DNA quantification (Hartman et 
al. 2015). If STR profiling fails or produces an uninformative result alternative analyses are 
explored which can consume valuable sample. This may require outsourcing to other 
laboratories the capability to perform these alternative tasks, which still might have limited 
success in genotyping degraded samples. Another consideration is whether more specialised 
techniques such as MPS of STRs and/or SNPs informative for ancestry and phenotype should 
be used, and what genetic targets should be sought to provide investigative value. This 
current workflow is costly in time, resources and labour, is logistically difficult and an 
inefficient use of sample that is already precious in DNA quantity. Furthermore, technical 
issues still remain for commercial MPS strategies for forensic investigations including 
expense, inflexibility in marker choice, and the ability to profile highly degraded or 
compromised remains (Elwick et al. 2018; Gettings et al. 2015). A final concern for the 
typing of degraded and historical remains in Australia is the lack of a suitable reference 
population database from which to statistically assess the results from such tests. 
 
The development of the Miniplex in Chapter 2 was designed as an alternative method to 
DNA quantification for guiding the selection of downstream analysis techniques for degraded 
samples. Incorporating multiple marker types, across both mtDNA and nuclear DNA with 
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varying amplicon sizes allows this tool to address two main purposes: to evaluate and triage 
DNA samples based on degradation of mtDNA versus nuclear DNA, and to provide broad 
biological profiling that could screen non-probative samples from downstream processing. 
The prioritisation of samples based on mtDNA and nuclear SNP typing success can 
streamline workflows, and the comparative evaluation of the genetic targets can guide which 
profiling strategies should be applied to which samples and thus improve downstream 
analysis success rates. The suggestion of rapid SNP-based screening tools has been proposed 
previously (Quintans et al. 2004) and has demonstrated utility for streamlining genetic 
analysis in forensic investigation (Brandstätter et al. 2003). However, currently these have 
only been developed to target a small number mtDNA SNPs, and therefore has limited ability 
to estimate sample degradation and overall biological profile. The analysis of multiple SNPs 
across both the mtDNA and nuclear genome with varying amplicon sizes allows for a more 
detailed evaluation of the length and availability of DNA fragments in the sample. This 
information can be crucial in deciding whether to apply standard genetic profiling techniques 
or whether more specialised and sensitive techniques designed for degraded samples with 
low DNA quantity, such as PCR-based or hybridisation enrichment for MPS, are more likely 
to retrieve usable genetic profiles for analysis. The Miniplex can therefore help to minimise 
re-analysis, sample consumption required for multiple tests, and is logistically efficient and 
practical for the laboratory workflow for compromised forensic samples. Furthermore, as this 
method makes use of existing laboratory equipment and expertise it can be easily integrated 
into forensic laboratories. 
 
While the Miniplex has been shown to provide a reliable and accurate assessment of broad 
biological profile and sample quality from degraded remains it was not designed as a 
diagnostic tool and is strictly for triaging samples and presumptive purposes only. Hence, the 
conception, evaluation and application of another, more comprehensive SNP profiling 
method based on specialised MPS techniques was required and is also described in this 
thesis. As previously discussed, current PCR-based strategies that apply MPS to forensic 
samples are limited in their ability to genotype degraded DNA fragments below 150bp, and 
suffer from substantial locus dropout when encountering PCR inhibitors commonly found in 
degraded and compromised samples (Gettings et al. 2015; Elwick et al. 2018). Furthermore, 
existing MPS panels, whether PCR-based enrichment or hybridisation enrichment, are 
supplied as pre-made primer/probe sets with pre-designed data analysis and interpretation 
procedures and do not allow an investigator to tailor genetic analysis on an individual case 
level. This can result in the abundance of extraneous sequence information that may not hold 
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any probative value to an investigation. In conjunction, the ‘big data’ generated puts pressure 
on the demand for computational resources, cost and specialised expertise for best practices 
for data storage and management. Ethical concerns for the application of DNA phenotyping 
(including ancestry, hair and eye colour prediction) using large SNP panels with upwards of 
200 genetic markers has also sparked discussion amongst forensic and legal practitioners 
(Scudder et al. 2018). As more markers in the human genome are sequenced, more attributes 
of the donor could be revealed that are not important for the investigation and thus 
safeguarding genetic privacy of the donors and their families is a challenge for emerging 
forensic intelligence testing. This poses the question of whether we should collect data for 
hundreds of genetic markers because new technologies allow us to do so, or whether we 
should be limiting analysis to the minimum number of markers relevant to an investigation to 
maintain ‘genetic privacy’. Thus, the successful development, and application of a novel 
‘modular’ hybridisation enrichment approach (that can be easily customised by use of 
individual baits to answer specific questions for degraded remains) is a new tool through 
which more tailored genetic analysis using MPS can be potentially utilised. While based on 
MPS technologies, the customisable enrichment strategy developed and applied here does not 
seek to exploit the capability to sequence an excessive number of genetic markers for 
forensic intelligence. The combination of multiple marker types in the panel is able to resolve 
ancestry components more accurately than using a single marker type alone. The ability of 
the enrichment panel to retrieve genetic information from degraded teeth and fragmentary 
bone with a PMI of over 70 years shows the benefit of this technique for typing and making 
inferences of ancestry, paternal lineage, sex and phenotype for degraded casework DNA 
samples where conventional DNA profiling may fail. However, it should be noted that 
regardless of the approach for ancestry prediction, the implications on the social and cultural 
identity of individuals, especially those with Indigenous heritage, cannot be ignored and has 
been the focus of recent commentary surrounding genetic ancestry testing (Kowal & Jenkins 
2016; Booth 2018; Watt & Kowal 2018). In particular, is the concern for ancestry testing to 
determine ‘Aboriginality’, especially for Australian Aboriginals where events such as 
European admixture and the Stolen Generations has diluted and complicated Australian 
Aboriginal ancestry. As a result, Aboriginality is determined by documented ancestors with 
pre-confirmed acceptance by an Aboriginal community, and cultural affiliation to a tribe. Yet 
more Australians than ever are identifying themselves as Indigenous Australians, and with it 
the question of who really ‘is and isn’t’ Aboriginal Australian has been asked (Markham & 
Biddle 2018; Watt & Kowal 2018). The idea of using a genetic ancestry test to confirm 
Aboriginality has been both raised and debated on the grounds of the lack of Australian 
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Aboriginal reference autosomal SNP data for accurate comparisons, and the view from 
Indigenous communities that an individual’s DNA does not reflect cultural identity within a 
community (Kowal & Jenkins 2016; Booth 2018). In fact, Rachael Hocking - a woman with 
known Australian Aboriginal descent and strong cultural affiliation to her Walpiri nation - 
revealed no Indigenous ancestry when taking an ancestry test from DNA Tribes, one of only 
two providers who offer an ‘Aboriginality test’ for Australians (Booth 2018). She highlighted 
the plight of Aboriginal Australians who suffered from the events of the Stolen Generation 
and are ‘looking for closure’ through this genetic ancestry test, who are told they do not 
identify as Aboriginal Australian (Booth 2018). Instead, Aboriginal elders state that ‘cultural 
knowledge and experience of living Black’, community acceptance and connection to 
country are the most important factors in determining Aboriginality (Kowal & Jenkins 2016; 
Watt & Kowal 2018).   
 
As the forensic intelligence testing presented in this thesis has demonstrated the potential to 
genotype markers from historical human samples in Australia, a final element to the 
workflow was addressed through the compilation of the Historical Australian DNA Database 
(HADD). This database facilitates objective assessment of ancestry testing results from 
historical remains. Ongoing efforts to retrieve and repatriate historical war dead remains from 
World War I (WWI) and II (WWII) battlefields has resulted in a large number of unidentified 
human remains. These require assignment to ‘country of origin’ in the first instance before 
more comprehensive individual identification strategies can occur. In many cases, the 
compromised, skeletal and fragmentary nature of the remains, which are now >70 years old, 
means DNA analysis techniques such as ancestry, maternal and paternal lineage and 
phenotype prediction can be the only source of this information. However, the absence of a 
suitable population database to use as a reference population places some doubt on how to 
analyse, interpret and report ancestry results. The genetic ancestries that actually contributed 
to the Australian population at this time is therefore uncertain. Two features of the HADD 
make it an extremely useful resource for interpreting ancestry results from historical 
Australian remains. Firstly, the targeted inclusion of individuals who represent the Australian 
population before the major waves of migration post WWII allows for a more accurate 
estimation of the genetic components of the population during the World War eras. Secondly, 
the database combines multiple genetic marker types (mtDNA and autosomal SNPs), 
reducing the risk of misclassifying an individual’s genetic ancestry - particularly those with 
admixed ancestry. The detection of ancestry components derived from mtDNA and 
autosomal DNA originating from different continental regions in two of the samples was a 
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demonstration of this concept. It is therefore suggested that any ancestry analysis of historical 
Australian human remains should include multiple marker types for more accurate ancestry 
assignment. The need for representative population databases to generate statistical support 
for mtDNA and intelligence testing for Australian human remains has previously been 
voiced, yet such progress in Australia is so far quite limited (Ward 2016). As the HADD 
continues to expand with future efforts, it will provide a valuable objective genetic resource 
to add statistical support for ancestry predictions based on mtDNA and autosomal DNA 
obtained from recovered war dead. 
 
 
Broader Applications  
 
While this thesis primarily focused on the application of forensic intelligence testing to 
degraded historical remains, it is also recognised that this research has many possible broader 
applications to other situations that require genetic investigation.  
 
Modern Crime Scene Samples 
Investigations of present-day criminal cases can be impeded if there is no match between a 
DNA profile obtained from probative crime scene evidence to existing profiles in a criminal 
database. The absence of any eye witnesses can also preclude identification of a suspect. 
Even when available, inaccuracies regarding eye witness accounts can make this evidence 
unreliable (Spinney 2008; Kayser & Schneider 2009; Wise et al. 2014).The development of 
tests to infer ancestry and pigmentation in skin, hair and eyes is a new era of forensic 
intelligence gathering where DNA is now not only used by enforcement agencies solely for 
matching a crime scene sample with a suspect or database profile. If there are no profile-to-
profile matches, and no witnesses, intelligence information may provide guidance in the 
targeted DNA sampling of possible persons of interest. This intelligence information could 
also help to corroborate eyewitness statements where available (Jacobson 2005; Johnston 
2006). Narrowing suspect pools by identifying characteristics most likely exhibited by the 
perpetrator allows investigators to expend resources on the highest probability leads. This 
was demonstrated most notably in the Madrid bombing incident where ancestry testing on 
crime scene samples determined the most likely ancestry of donor/suspect to be North 
African. These results eventually lead to the DNA profiling of a relative’s DNA sample that 
resulted in a match with a known Algerian terrorist who was consequently arrested (Phillips 
et al. 2009).  
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Given the ability of the Miniplex and custom hybridisation enrichment panel to type samples 
with limited or degraded DNA, the methods described in this thesis have merit in analysing 
problematic crime scene samples that may fail with standard PCR-based STR typing such as 
telogen hairs (Edson et al. 2013), trace samples (Hanssen et al. 2017) and touch DNA 
(Martin et al. 2018). The benefit is not only in the technology to retrieve SNPs from such 
samples, but in the typing of many forensically relevant SNP classes that can determine 
overall biological profile regarding paternal lineage and sex, biogeographic ancestry, and 
phenotype in a single assay. The Miniplex can aid in the careful selection of samples that will 
likely yield the most genetic information. Additionally, the Miniplex can provide a broad 
mtDNA haplogroup and indicate whether mtDNA control region analysis or whole mtDNA 
genome sequencing may offer genetic information to assist in identification. The broad 
inferences offered by the Miniplex may help screen samples and eliminate those which are 
not probative to the investigation. SNP typing techniques described and evaluated in this 
thesis may also have value in the analysis of historic crime scene samples from cold cases to 
obtain forensic intelligence data where not previously possible, especially for DNA samples 
which might have degraded in storage over time. Fragmented and partial human remains 
where dental, fingerprint and anthropological analysis is inconclusive or cannot proceed due 
to a lack of diagnostic features such as teeth and cranial fragments (and where STR typing 
produces no matches) may also benefit from such techniques. Intelligence data from these 
remains may provide clues to the characteristics of the person in the absence of other 




Archaeology/Ancient Human DNA Studies 
Studying the DNA of ancient individuals through time and across space provides insight into 
the history and lifestyles of past human populations (Haak et al. 2015; Lipson et al. 2017; 
Nielsen et al. 2017). Samples commonly used for these analyses include bones, teeth and 
mummified tissue that are recovered from archaeological sites and ancient burials. Analysis 
of ancient DNA is difficult due to poor preservation, where surviving DNA molecules are 
both degraded and damaged, and can exist in vanishingly small amounts (Hofreiter et al. 
2015). As DNA fragments become shorter over time by natural degradative processes, the 
amount of original endogenous DNA that can be recovered and analysed is reduced, in some 
cases as low as 1% of the original DNA content (Carpenter et al. 2013). Major technological 
developments in the field of MPS has allowed unprecedented understanding of the genomic 
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variation and genetic characterisation of past human populations that wasn’t previously 
possible with traditional PCR processes (Lipson et al. 2017; Nielsen et al. 2017). Therefore, 
the customisable hybridisation enrichment and data analysis strategy developed and 
evaluated throughout this thesis can also be used to retrieve and analyse genetic information 
regarding ancestry, paternal lineage and hair and eye colour from such samples. However, the 
Miniplex may also be used in the first instance to select appropriate samples for taking 
through the MPS workflow owing to the ability to comparatively assess varying amplicon 
sizes across mtDNA and nuclear DNA. The power to provide inferences of broad biological 
profiling using the Miniplex may also be useful to screen samples based on the purposes of 
the ancient DNA study e.g., aiming to analyse individuals only from a particular mtDNA or 
Y-chr lineage (Malyarchuk et al. 2010). Therefore, the Miniplex can also help to reduce the 
labour and costs of analysing many samples, some of which may not be relevant to the aims 
of the study.  
 
Contemporary Australian Population Data 
As discussed throughout this thesis, mtDNA analysis in Australia can be complicated by the 
absence of any suitable reference population database that estimates the frequency of 
haplotypes and maternal ancestry groups in the Australian population. While the EMPOP 
mtDNA database has made efforts towards the compilation of global forensic-standard 
mtDNA population data, it is still over-represented by Western Eurasian populations with 
smaller datasets of East Asian, South East Asian, and Sub-Saharan African population groups 
(Parson & Dur 2007). The use of such a database for Australian cases may skew results and 
can confound the interpretation of mtDNA testing in Australia.  
 
The HADD was constructed specifically to represent the Australian population pre-1945 for 
direct application to cases involving long-term missing persons during this time and ancestry 
testing of historical human remains including war dead. However, a suitable reference 
population database for a modern Australian population also does not exist. It is currently 
estimated that there are 500 unidentified human remains and 2000 long-term missing persons 
in Australia (Ward 2018). The Victorian Institute of Forensic Medicine has demonstrated 
success at using a state-wide DNA identification program for missing persons using mtDNA 
and mtDNA databases, however no other approach has been implemented in other 
jurisdictions (Hartman et al. 2015). Proposal for a national DNA-led program that 
incorporates STRs as well as mtDNA, Y-chromosome analysis and SNPs for intelligence 
testing has been advocated recently to assist in the identification of missing persons across 
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Australia (Ward, 2018; 2016). However, with these suggestions comes the premise that 
reference population databases using these markers in a contemporary Australian population 
are needed to provide statistical support for results (Ward 2016). The HADD could therefore 
contribute to a reference population database that estimates the frequency of mtDNA 
haplotypes, haplogroups and ancestry-informative markers in a modern Australian population 
given that donors are not only living individuals representative of the historical population 
but also currently resident in Australia. Since no modern Australian reference population 
exists for this purpose, it could serve as the basis for such a database and can be built upon 
with more samples representative of the contemporary population for present-day missing 
persons cases. There is also the possibility of using the database alongside the EMPOP 
database to provide statistical support for results from both a national and international 
population assessment. 
 
Limitations and Recommendations for Future Directions 
 
The investigations performed throughout this thesis were limited by a number of factors that 
are either specific to the type of data I generated, linked to the conceptual approach used or 
are generally related to the field of forensic genetics and degraded/damaged DNA. In the 
proceeding sections I discuss these issues and propose new opportunities and future 
directions that could help overcome them. 
 
 
Database Sample Size and Quality Control 
A large sample size through the collection of ~800 public donor samples was collected as 
part of the HADD project but time constraints during this thesis limited the analysis to only 
259 samples for the mtDNA control region and autosomal ancestry SNPs. Large mtDNA 
datasets are needed to evaluate haplotype and haplogroup frequencies within a population 
due to the strict maternal inheritance, in contrast to autosomal markers that are inherited with 
recombination from both parents (Budowle et al. 2003). With ongoing efforts, more samples 
will be analysed for expansion of the database to increase the strength and utility of the 
dataset. However, at present the database should be considered for forensic casework with 
caution due to issues relating to small sample size. Despite addressing the uncertainty of 
frequency values (as a result of sample size) through the calculation of confidence intervals 
(CI), it is acknowledged smaller sample sizes generate wider confidence intervals (Gauthier 
& Hawley 2015). This leads to a large window in which the true frequency of ancestry 
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groups in the Australian population resides and thus any statistical interpretation of mtDNA 
or autosomal ancestry from unknown remains generated should account for this uncertainty. 
Eventually, genotyping additional samples for the database will lead to smaller CI’s and 
theoretically increase the reliability of the frequency estimates calculated, thus increasing the 
power and value of the database for forensic purposes.  
 
Although no mention was made in regard to ethnicity or specific ancestries targeted in the 
information material supplied to the public, individuals with non-European ancestry who 
represent the Australian population pre-1945 might not culturally identify as Australian and 
may be deterred from donating a DNA sample. This may reduce the chance of detecting any 
non-European ancestry in the dataset and bias frequency estimates and confidence intervals 
despite those individuals truly reflecting the Australian population during this time. While 
every effort was made to guard against this potential bias during sampling, it was outside my 
scope to control.  
 
Although internal quality control (QC) measures were implemented to ensure only high-
quality haplotypes were being analysed and interpreted for entry into the historical database, 
no independent external QC was incorporated into the research. The value of external QC has 
been recognised in previous mtDNA studies and in the compilation of the EMPOP database 
to ensure uniformity of mtDNA sequencing and consistency in the nomenclature of results 
across forensic laboratories (Parson et al. 2004; Parson & Dur 2007). Current standards for 
mtDNA data QC include the use of software tools within EMPOP: 
 
• a phylogenetic approach for detecting potential errors in the sequencing, interpretation 
and transcription in a dataset using a quasi-median network (QMN) analysis 
(available in the EMPOP NETWORK application).  
• Haplogroup affiliation using a maximum likelihood approach EMMA, inbuilt software 
within the EMPOP query function that considers private mutations and phylogenetic 
information from PhyloTree to assign haplogroups 
 
While haplogroup affiliation using EMMA was implemented in this thesis by analysing 
haplotypes in EMPOP, it is also recommended by Parson et al. (2007a) that the developers of 
EMPOP provide an external QC check on submitted samples to ensure high quality data is 
included in EMPOP if desired (Parson & Bandelt 2007). QMN analysis of datasets can detect 
unusual or previously unobserved length or sequence variants based on previously known 
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phylogenetic information and prompt the investigator to review raw sequencing data. This 
QC check has been implemented for both internal and external QC in previous studies 
(Chaitanya et al. 2016; Turchi et al. 2016), where investigators have submitted their datasets 
to EMPOP for external review of the haplotype data. The use of EMMA also aims to 
standardise mtDNA nomenclature across studies of mtDNA variation and is also 
recommended to be performed externally as another measure for data quality control. 
Successful external QC is documented by an accession number that acts as a unique identifier 
for the dataset and confirms completion of the data review. The mtDNA data in this thesis 
has not been subjected to external review since submission to EMPOP was not an initial aim 
of the studies. 
 
Despite these limitations, this thesis has presented the first step towards the construction of a 




Sample/DNA preservation and the Recovery of Genetic Information 
For some degraded and casework samples tested in my research, I was unable to retrieve 
sufficient genetic data to make inferences of intelligence information. In many instances 
DNA extracts processed previously in our laboratory (up to ten years in some cases) were 
used for analysis due to the complexity of obtaining degraded and casework samples. This 
can explain the results in Chapter 2, where SNP typing using the Miniplex was not shown to 
be significantly more sensitive – despite much shorter amplicon lengths - than previous STR 
typing which had occurred years earlier when extracts where freshly produced in Higgins et 
al. (2015). Mock degraded samples (usually pristine control DNA samples that are 
mechanically fragmented) were not desired in this study since they don’t truly reflect the 
natural environmental degradation and damage processes that occur within biological 
material post-mortem (Budowle et al. 2009). However, it is acknowledged that mock 
‘degraded’ samples with known genotypes would have been useful for a further exploration 
of the Miniplex and the hybridisation enrichment panel for the capacity to reliably type and 
infer the ancestry of samples which could represent degraded DNA. The level of endogenous 
DNA available for analysis in highly degraded samples such as those analysed in this thesis 
may be extremely low. The recovery and genotyping of this DNA is further dependent on the 
extraction process, and the length and conditions of storage of extract thereafter. 
Environmentally challenged, degraded or damaged samples containing low DNA 
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concentrations are more susceptible to genotyping failure when stored long-term in 
polypropylene tubes due to repeated freeze-thawing (Davis et al. 2000), adherence of DNA to 
the tubes (Gaillard & Strauss 1998), evaporation or denaturation (Gaillard & Strauss 2001). 
These factors may have influenced the success of the methods to retrieve and genotype the 
DNA from these samples. Re-extraction of the degraded and casework samples would be 
ideal to assess the capability of the genotyping methods on fresh extracts and may improve 
on the success of SNP recovery demonstrated within this thesis. Preferably, multiple 
extractions per sample would be performed, pooled and concentrated to a small volume for 
analysis for improved recovery and depth of coverage across the SNPs.  
 
Additionally, a higher sequencing effort may lead to increased coverage over the SNP targets 
or detect more loci. These techniques may have the potential to recover more targets to a 
higher read depth for improved inferences of ancestry, phenotype, mtDNA and Y-chr 
haplogroups. Performing whole mtDNA genome enrichments already established in our 
laboratory would also have been useful as another means to assess sample degradation for 
DNA availability and to compare to nuclear enrichment data (Templeton et al. 2013). A 
further comparison of the Miniplex and hybridisation enrichment techniques to standard CE 
technologies, as well as current commercial PCR multiplexes for MPS of forensic samples 
would have also been useful to assess the performance of the techniques in this thesis against 
what is currently available.  
 
 
Sample Contamination/DNA Mixtures 
This study did not explore in great detail the potential for contamination of samples with 
exogenous human DNA. The use of bi-allelic SNPs to determine and resolve the presence of 
a mixture is challenging (Gill 2001). For tri- and tetra-allelic SNPs, mixtures can be detected 
when more than two alleles are observed at a locus (Phillips et al. 2015). For haploid 
markers, mixtures can be detected when two different alleles are observed in the analysis 
(Bose et al. 2018). While no mixed profiles were detected by the use of the multi-allelic 
SNPs or haploid markers in any case throughout this thesis, the capability of the methods to 
detect mixtures was not determined beforehand. It would be valuable to analyse mixtures of 
known genotypes in pre-determined ratios to assess the ability to detect DNA contamination 
and resolve mixtures. This is especially important for female:female mixtures, given that only 
a few haploid mtDNA markers will be obtained using the Miniplex, and the tri- or tetra-
allelic autosomal markers are the only source for mixture detection in the enrichment method. 
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For these purposes, extra multi-allelic markers could be easily included in further revisions of 
the enrichment panel. To accurately evaluate how the methods cope with and detect DNA 
mixtures is useful knowledge to have considering forensic samples can be susceptible to 
DNA contamination. However, extending this analysis to degraded DNA mixtures may be 




The accuracy of ancestry assignment relies on a number of factors, including the use of 
appropriate classification methods. Three different classifiers were used for estimating 
ancestry components throughout this thesis. STRUCTURE is currently the classification 
method of choice but it is computationally demanding and complex for large sample sizes 
and SNP sets (Cheung et al. 2017). Principle Component Analysis (PCA) only provides a 
graphical representation of the genetic variation using bi-allelic loci, and the use of the online 
Bayesian classifier Snipper (Santos, C. et al. 2016b) is currently limited in accurately 
accounting for admixture (Cheung et al. 2017), so these approaches also come with their own 
limitations. Not all these classification systems are suitable for analysis alone (especially 
when dealing with admixed individuals), hence a combination of the three methods was used 
throughout this thesis to represent the data and assess ancestry assignments. Perhaps the most 
significant hurdle of these classification algorithms in assigning ancestry is the assessment of 
samples with ancestry admixture (Cheung et al. 2018). It is also not currently clear how well 
the panel and classification workflows in this thesis handle admixed samples, since only a 
small number of samples showing admixture signals were analysed. Comparisons of standard 
classifiers, as well as alternative algorithms have recently been explored on a dataset of 142 
biogeographic ancestry SNPs (Cheung et al. 2017, 2018). Cheung et al (2018) showed that 
STRUCTURE and a genetic distance algorithm (GDA) were most successful in detecting and 
resolving ancestry components in admixed samples. Neither method outperformed the other 
across all simulated admixture complexity and ratios. However, since ancestry assignment is 
also dependant on the SNP panel, these results cannot be extrapolated to the marker sets used 
in this thesis. In this case, an exploration of alternative classifiers such as GDA would be 
beneficial to perform with these panels for further evaluation and refinement of the ancestry 
analysis workflow. Analysis of samples considered unadmixed, as well as populations with 
high ancestry admixture signals should be included for an overall assessment of the ancestry 
assignment methods developed and applied throughout this research. Although admixed 
individuals from populations studies in 1000 Genomes and the HGDP datasets are a good 
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starting point, admixed individuals representative of a modern multicultural Australian 
population would be ideal to analyse for feasibility of the method for real-life scenarios. 
Alternatively, simulations to create artificially admixed samples such as those performed in 
Cheung et al (2018) (however with the addition of Oceanian ancestry considering Australia’s 
Aboriginal population history) could be performed to assess the prediction accuracy and 
capability of the workflow to detect and resolve admixture in an Australian population. 
 
It should also be noted that the use of SNP panels and classification methods for the detection 
of admixture can be further confounded by sample degradation. DNA degradation and 
damage could result in a loss of the SNP data informative for ancestry admixture, further 
complicating the ability to assess admixture in degraded samples. Existing studies that 
assessed the capability of SNP panels and classification systems for admixture detection, 
utilised admixed sample data where complete profiles are obtained and analysed (Halder et 
al. 2008; Nievergelt et al. 2013; Phillips et al. 2014; Cheung et al. 2018). This does not 
account for the event of both ancestry admixture and partial profiles from degraded DNA 
samples. A possible avenue to address this is to generate genotypes from known admixed 
samples and randomly simulate missing data to varying degrees to assess how partial profiles 
influence the assignment of admixed samples, and how different classifiers handle this data 
using the SNP panels in this thesis.  
 
However, regardless of the classification method used, the most critical factor in accurately 
determining biogeographic ancestry of unknown samples is the size, coverage and quality of 
reference population datasets available for comparison. Predicting ancestry from regions 
underrepresented due to irregular global coverage in publicly available datasets remains a 
concern for geographical locations such as Oceania. Currently available autosomal SNP data 
that is routinely used as a Oceanian reference population set in forensic ancestry SNP analysis 
only includes a small number of samples from Papua New Guinea and Bouganville (17 Papuan 
from New Guinea and 11 Melanesian from Bouganville) (Cann et al. 2002). In the context of 
population databases, this could be considered an inadequate sample size for estimating allele 
frequencies, particularly for more rare alleles, selecting informative SNP loci, and is not 
representative of population variability across the whole Oceanian region which also 
encompasses Australian Aboriginal, Micronesian and Polynesian populations. Despite this, a 
study using an autosomal ancestry SNP panel (Pacifiplex) for the inference of Oceanian 
ancestry showed that Fijian and Australian Aboriginal samples from Northern Territory and 
Western Australia clustered with the Oceanian reference dataset, and thus was considered an 
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appropriate test for Australian Aboriginal samples. However, Micronesian and Polynesian test 
samples (populations not included in the Oceanian reference population dataset) had a majority 
or complete cluster membership to the East-Asian reference dataset (Santos, Carla et al. 
2016a). Future studies including greater sample numbers as well as improving the geographical 
coverage of Oceanian sub-populations, and other under-represented geographical regions, will 
result in a greater understanding of the human population history of these areas, and in a more 




Evaluation of Alternative Marker Types 
Standard mtDNA, autosomal and Y-chr SNPs already widely accepted and well established 
in the forensic community were utilised in this study for ancestry and phenotype analysis. 
However, more recent studies are showing that other emerging markers and more recent 
panels may also be a valuable source of biological information or improve analysis in the 
future (Kidd, KK et al. 2014; Phillips et al. 2015; Chaitanya et al. 2018). Given the 
possibility for customisation of the hybridisation enrichment baits in this thesis, these 
alternative marker types can be included in further revisions of the panel or could be used 
alone if desired.  
 
The use of microhaplotypes (multiple SNPs closely linked) has been advocated for and 
shown to allow kinship and lineage testing, mixture detection and ancestry inference (Kidd, 
JR et al. 2011; Pakstis et al. 2012; Kidd, KK et al. 2013; Kidd, KK et al. 2014; Bose et al. 
2018). These sequence stretches of no more than 200 bp contain two or more linked SNPs do 
not recombine, thereby acting as multi-allelic haplotype markers (Kidd, KK et al. 2013). The 
multiple alleles of these haplotypes can be more informative than bi-allelic SNP loci for 
determining lineages, individual identification and for ancestry inference with the added 
power of detecting DNA mixtures. Genotyping these microhaplotypes is becoming more 
accessible with advancements in MPS technologies. As a result, these markers are being 
increasingly explored for their application to forensic investigations (Kidd, KK et al. 2014). 
While microhaplotypes hold potential for improving inferences of ancestry and for detecting 
mixtures, validation studies are limited. Further, the lack of implementation across forensic 
laboratories means forensic population data that can be used for statistically evaluating and 
reporting results is virtually absent. Future improvements in the selection, genotyping and 
interpretation of microhaplotypes with associated validation studies and population databases 
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may make microhaplotype markers appealing for inclusion into the custom hybridisation 
enrichment panel in any further revisions. Typing microhaplotypes via standard CE 
technologies is laborious and time consuming since each SNP within the microhaplotype 
requires genotyping via individual primer sets (Kidd, KK et al. 2014), and is therefore not 
desirable for implementing into SNaPshot SNP panels 
 
The genotyping of multi-allelic SNP loci (tri- and tetra-allelic SNPs) has been identified as a 
means to overcome the limitations of bi-allelic SNPs in detecting and resolving DNA 
mixtures, and for increasing discrimination power of identification SNPs (Phillips et al. 2015; 
Bose et al. 2018). A small number of tetra-allelic SNPs have also been identified for their 
potential use in ancestry inference, albeit with less well-distributed variation among 
population groups than standard ancestry informative bi-allelic SNPs (Phillips et al. 2015). 
Multi-allelic SNPs should not be considered as replacement marker sets to existing forensic 
SNP panels, however they can form a supplementary marker type for inclusion into analysis 
workflows for evaluating mixtures and ancestry inferences (Phillips et al. 2015). Since 
evaluating mixture detection was not a main aim of the research in this thesis, very few multi-
allelic SNPs were included in the hybridisation enrichment panel design. Further evaluations 
and revisions of the hybridisation enrichment strategy presented in this thesis may also 
include more tri- and tetra-allelic markers for the purposes of mixture detection and 
resolution, and for the potential improvement of ancestry inference. 
 
The HIrisPlex phenotype SNPs validated for forensic use were included and analysed in the 
SNP panels in this thesis for predicting hair and eye colour (Walsh et al. 2014). Since the 
development of the hybridisation enrichment panel, the ‘HIrisPlex-S’ panel now exists which 
types a further 17 SNPs for a total of 41 markers across the HIrisPlex and HIrisPlex-S panels 
for predicting hair, eye and skin pigmentation (Chaitanya et al. 2018). The HIrisPlex-S panel 
is capable of predicting five skin colour categories from ‘very pale’ (76% prediction 
accuracy) to ‘dark to black’ (99% prediction accuracy) and is currently the only forensically 
validated tool for predicting skin colour. The prediction model for skin colour using the 
HIrisPlex-S system includes reference database samples from global populations from the 
HGDP-CEPH dataset and a US-based study including individuals born outside of the US 
(Walsh et al. 2017). This addresses previous concerns with the HIrisPlex model where only 
European samples were used (Bulbul & Filoglu 2018). However, hair and eye colour 
prediction models are still built on reference databases dominated by European samples with 
only a relatively small number of samples from other global populations included 
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(https://hirisplex.erasmusmc.nl/pdf/hirisplex.erasmusmc.nl.pdf). Nonetheless, the combined 
HIrisPlex and HIrisPlex-S panel is now capable of predicting all three human pigmentation 
traits which can collectively provide valuable visual descriptors of an individual to aid in 




Reporting of Forensic Data from MPS Approaches 
The application of MPS for forensic analysis has prompted many studies that have explored 
the recovery of genetic information from hundreds of markers (Gettings et al. 2015; 
Churchill et al. 2016; Eduardoff et al. 2016; Apaga et al. 2017; de la Puente et al. 2017; Bose 
et al. 2018; Ma et al. 2018). However, the field is still in its infancy with many concerns and 
considerations left to be addressed, particularly for its application to degraded samples. 
Studies using MPS have been mostly performed on control DNA samples, or mock degraded 
samples that are fragmented and size selected from pristine control DNA but may not 
necessarily reflect the natural degradation processes (where the DNA is present in both low 
quantity and quality). Furthermore, published PCR-based and enrichment technologies are 
either incapable of distinguishing PCR duplicates, or do not remove PCR duplicates prior to 
genotype calling (Bose et al. 2018; Shih et al. 2018). Duplicate removal was performed in 
this thesis as a means to minimise errors during genotype calling with the acknowledgement 
that read depths over targets will be substantially reduced in samples with high clonality. 
Read depth thresholds applied in previous studies (with no duplicate removal) range from 2x 
(Elwick et al. 2018), 10x (Bose et al. 2018) and 50x (Gettings et al. 2015), but a formal 
consensus of read depth thresholds for forensic purposes has not been reached. Consequently, 
in this thesis no formal read depth threshold was adopted for reporting genotypes. Instead, 
analysis was performed at three different read depth thresholds to observe the effect on 
resulting interpretations and predictions. It was found that increasing the minimum read depth 
threshold greatly reduced the amount of available data in degraded samples and resulted in 
predictions with weak support. Detailed studies evaluating MPS approaches on true degraded 
samples and further validation studies using replicates to assess the impact of read depth 
thresholds on genotyping accuracy are needed to empirically determine appropriate read 
depth thresholds and establish best practices for analysing, interpreting and reporting MPS 
data for forensic casework. One such example can be found in the experimental design in 
Higgins et a.l (2015), where freshly extracted human teeth with known STR profiles were 
buried for varying periods of time up to 16 months and STR genotyped to examine the effects 
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of degradation of various tooth tissues on the retrieval of DNA (Higgins et al. 2015). A 
similar experiment involving MPS would be an avenue to explore the effects of authentic 
DNA degradation on MPS sequencing technologies and whether they are capable of 
generating reproducible and accurate genotyping results and inferences of ancestry at varying 
read depth thresholds. Of particular importance, would be assessing this effect at low read 
depth thresholds such as 2x or 5x for application to degraded DNA with very low amounts of 
DNA. Additionally, analytical read depth thresholds will differ depend on what method of 
target enrichment is used (e.g PCR amplicon sequencing vs hybridisation enrichment), given 
that amplicon sequencing involves the generation of PCR clones which result in read 
duplicates that cannot be distinguished via bioinformatic processing. On the other hand, 
hybridisation enrichment allows the filtering of read duplicates which can inflate read depths 
over target loci, such that only unique sequencing reads are used in genotype calling. For this 
reason, comparative studies between amplicon sequencing and hybridisation enrichment on 
mock degraded and authentic degraded samples will be needed to understand the different 





The overarching aim of this research was to explore and develop new tools to increase the 
likelihood of drawing inferences regarding ancestry and phenotype from degraded human 
DNA for forensic investigations in Australia. This has been achieved through the 
development, evaluation and application of novel genotyping systems, and in the collection 
of population data from an historical Australian populace for use in ancestry determination. 
Throughout this research I encountered challenges as well as additional areas worthy of 
exploration that could not be addressed during my candidature yet would serve as interesting 
points of investigation for future studies. The knowledge and techniques gained in this 
research have been applied to degraded DNA and casework extracts, and has shown value in 
enabling the inference of forensic ancestry and phenotype data from degraded human 
remains. Overall, this research has presented new considerations and avenues from which to 
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